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Abstract
Globally, the focus of environmental engineers and water, sanitation, and hygiene (WASH)
professionals in the rural water sector has shifted from building new technology to ensuring long-term
functionality of water systems and closing the access gap between urban and rural residents. In Latin
America and the Caribbean, the main challenges to ensuring clean water for all rural residents is poor
service delivery quality and limited sustainability over time. A common management strategy in the
region, and globally, is community-management, where community members manage, operate, and
maintain the water system through cost sharing and financial management. The failure of communitymanaged water systems (CMWS) to sustain water services over the expected service life has been welldocumented. Therefore, the goal of this research is to improve the performance of community-managed
water systems, using Bolivia and Colombia as case studies.
CMWS are complex systems composed of technical, social, environmental, managerial, and
financial components that evolve over time. However, most approaches to identifying and addressing
problems with CMWS in Latin America disregard interactions and feedback among system components,
rely on largely anecdotal evidence, and only consider one point in time. Consequently, this study fills
those gaps by using a quantitative systems approach to model the performance of CMWS over the system
life and recommend strategies to improve performance to the target threshold. The model utilizes
monitoring data from the Rural Water and Sanitation Information System (SIASAR, in Spanish) to
quantify performance as a function of the state of water system infrastructure, water service level, and
state of service provider.
The models of performance for Bolivia and Colombia were developed in the same fashion, using
the literature review and SIASAR components to identify important factors, assessing current
performance through a historical system state (reference mode) of SIASAR data, and developing a stockvii

flow diagram to model performance over time and test strategies to improve performance. Both models
were good fits for the SIASAR data (Bolivia MSE: 3.5%; Colombia MSE:0.76%) and were driven by
largely the same mechanisms: one reinforcing and one balancing loop for influence of economic
management and maintenance provision on system, and the linear degradation of the infrastructure and
service provider due to aging and disinterest or migration. The sensitive variables identified from the
models were monthly tariffs or annual income, maintenance costs, user’s willingness to pay, service
provider’s ability to detect problems in system, and legalization of water system.
The sensitive variables and important factors were leveraged into three strategies to improve
performance for each country. The best strategy for both countries was to professionalize the service
provider, resulting in increased operation cost but improved capacity to detect and address problems. This
strategy should be accompanied by a shift in focus from corrective (reactive) to preventive (proactive)
maintenance. The other strategies relating to external financial support, legalization, and user’s
willingness to pay had varying levels of effectiveness but resulted in similar results to professionalization
when combined. Along with the recommended strategies for each study location, the model can be used
as a communication and decision-making tool for rural water stakeholders to test interventions and shape
future policy and funding mechanisms. The study’s approach demonstrates how system dynamics tools
can utilize monitoring data to simulate behavior and test the effectiveness of possible interventions.
Additionally, SIASAR’s conceptual model and survey data analysis would benefit from accounting for
the interconnections and feedback among system parts. Furthermore, the approach could be implemented
in other study locations or to address other context-specific problems in rural water systems, like regional,
ethnic, or socio-economic differences.
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Chapter 1: Introduction
Since their adoption in 2015, the 17 Sustainable Development Goals (SDGs) have been the
blueprint for the international development community to work towards achieving a more sustainable
future and addressing global problems like poverty, inequality, climate change, environmental
degradation, peace, and justice (“Sustainable Development Goals,” n.d.). While the focus of
environmental engineers and water, sanitation, and hygiene (WASH) professionals has been primarily on
SDG 6 – clean water and sanitation for all – there is a growing recognition in the sector that the 17 goals
are interdependent and a need for more interdisciplinary and transdisciplinary approaches, research, and
projects to meet the targets by 2030 (Zhang, Prouty, Zimmerman, & Mihelcic, 2016). Systems thinking is
a holistic approach that focuses on relationships among parts of a system and how systems work and
evolve over time. Unlike classic traditional problem-solving, it allows researchers and practitioners to
look beyond the weaknesses of their mental models, to avoid unintended consequences, and to be
proactive rather than reactive.
The goal of the rural water and sanitation supply (RWSS) sector in the past decade has been to
achieve SDG 6. Recently, the conversation and practice has been shifting from hardware to software as
the sector attempts to resolve the failure to ensure long-term functionality. In Latin America and the
Caribbean, 26% of the population (166.7 million people) lack access to improved drinking water and 69%
of the population (442.5 million people) lack access to improved sanitation services (“SDG 6 snapshot in
Latin America and the Caribbean,” n.d.). Globally, there is a divide between urban and rural residents: In
Latin America and the Caribbean, 82% of urban residents have improved water services compared to 42%
of rural residents, and 37% of urban residents have access to safely managed sanitation services compared
to an estimated 0% of rural residents (“SDG 6 snapshot in Latin America and the Caribbean,” n.d.). The
main challenges to achieving SDG 6 in the region’s RWSS sector are poor quality of service delivery and
1

limited sustainability (i.e. sustained acceptable service over natural lifetime and eventual upgrade or
replacement) over time (Rodriguez and Weiss, 2016).
To monitor progress and work towards sustainability of services in Latin America and the
Caribbean, the Rural Water and Sanitation Information System (SIASAR in Spanish) was launched as a
joint monitoring initiative in 2011 by the governments of Panama, Nicaragua, and Honduras and has since
expanded to 11 member states. SIASAR measures access to basic services, quality of services,
performance of service providers, and effectiveness of technical assistance through four surveys. SIASAR
methods and collected data has been used by researchers to address sustainability gaps (Rodriguez &
Weiss, 2016), assess factors that determine water service sustainability (Borja-Vega, Pena, & Stip, 2017),
survey community-managed water systems (Mangum, 2017; Muniz Machado et al., 2020), and construct
Bayesian networks to support decision-making and understand service continuity (Cronk & Bartram,
2018; Pérez-Foguet, Requejo-Castro, Gine, Martínez, & Rodríguez, 2017).
The focus of this research is on a management strategy common in rural water supply and in
Latin America and the Caribbean: community-managed water systems (CMWS). This management
strategy emerged in the late 1980’s with the idea of “bottom up” development and to address
shortcomings of the International Drinking Water and Sanitation Decade (1980-1990) (Schouten &
Moriarty, 2003). While the decade saw great increases in water supply service coverage globally (75% to
85%), sustainability of the infrastructure and services was questionable (Schouten & Moriarty, 2003).
Community-management seemingly addressed some sustainability concerns by involving the community
throughout the construction process and passing management over after construction. However,
community-management has failed to live up its promises. The failure of community-management to
sustain water services over long periods of time has been well documented (Chowns, 2015; Paul
Hutchings et al., 2015; Sara & Katz, 1997; Schouten & Moriarty, 2003; Whittington et al., 2009) as these
systems often fail due to inadequate maintenance, poorly trained technicians, lack of financial durability,
deterioration of the environment or water source, and/or a lack of capacity of the water committee and
community to manage the system. When systems are in disrepair or not functioning properly, community
2

members return to unimproved water sources, which adversely impacts human health through increased
risk of water-related diseases, like diarrhea.
The goal of this research is to improve the performance of rural community-managed water
systems (CMWS) in Bolivia and Colombia. Performance is a composite measure of the water service
level, state of water system infrastructure, and the state of the provisional structure of a CMWS. It is
measured by the Water Performance Index (WPI), which goes from a scale of 0 (not functioning, nonexistent) to 1 (optimal performance). The WPI is a function of the following twelve SIASAR dimensions:
accessibility, autonomy, continuity, economic management, environmental management, organizational
management, operation and maintenance, production, seasonality, source protection, treatment, and water
quality. This study will use SIASAR data to investigate factors that contribute to higher performance of
community-managed water systems in Bolivia and Colombia using a quantitative systems approach. It is
hoped results are applicable to other countries that employ SIASAR or similar frameworks to monitor
performance and sustainability of community-managed systems.
SIASAR has been used for regional planning and investment (Rodriguez et al., 2017), but
research is needed to understand the factors that improve sustainability and attain higher service levels.
While studies have been conducted to identify factors influencing sustainability of community-managed
systems (Chowns, 2015; Galicia, 2019; Mangum, 2017; Schweitzer, 2013; Schweitzer & Mihelcic, 2012;
Suzuki, 2010; Whittington et al., 2009) and identify factors using SIASAR (Perez-Foguet et al., 2017;
Cronk & Bartram, 2018), they have not considered the interconnections between factors or feedback
mechanisms. Some studies have developed and tested sustainability assessment tools (Schweitzer, 2013;
Mangum, 2017; Galicia, 2019), but these have only looked at one point in time. Furthermore, most
WASH studies in Latin America have been small-scale and relied on mostly anecdotal evidence (BorjaVega et al., 2017; Cronk & Bartram, 2018). The two countries focused on in this thesis were chosen
because they have ample SIASAR data, exhibit different behavior over time (shown in a preliminary
analysis of their SIASAR data), and have different socio-economic, political, and ethnic contexts.

3

From the literature review, five main knowledge gaps were identified. The first three were related
to studies about sustainability of community-management: ignorance of interconnections or feedback
mechanisms among important factors, lack of analysis of frameworks or systems over series of time, and
the disregard of gender and ethnicity influences on community dynamics. With regard to involvement of
women on community dynamics and community-management, women involvement has been omitted
from sustainability assessment tools and decision-making tools, due to the challenges of measuring the
active participation of women (rather than token or passive participation) in management and user roles
(Galicia, 2019; Schweitzer, 2013; Schweitzer & Mihelcic, 2012). Relating to SIASAR research
initiatives, the 2017 report from the World Bank called for further investigation into factors contributing
to sustainable rural water and sanitations services and how to attain higher service levels (Rodriguez et
al., 2017). Additionally, most studies in Latin America have only looked at a few communities or one
country and have been largely qualitative and anecdotal (Borja-Vega et al., 2017; Cronk & Bartram,
2018). The following research objectives (and associated tasks) were formulated to target the five
knowledge gaps and address the goal of improving the performance of rural CMWS systems in Bolivia
and Colombia:
1. Assess the current performance of rural CMWS in Bolivia and Colombia using SIASAR data.
a. Develop a reference mode of WPI scores over system age.
b. Calculate descriptive statistics of community and system demographics, i.e. community
data (ethnicity, population), system data (water source, age, technology), management
data (women on board, number of board meetings, accountability mechanism), and
financial data (fee payment, available funds, tariff structure).
2. Identify factors (i.e. legal status, involvement of women, etc.) that contribute to higher
performance using literature review and SIASAR data.
a. Use anecdotal evidence of existing literature to identify factors that contribute to higher
performance.
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b. Use SIASAR data to identify indicators or dimensions that influence overall system
performance.
3. Develop a system dynamics model for system performance in Bolivia and Colombia.
a. Develop dynamic hypothesis.
b. Formulate stock-flow model using Vensim software.
c. Test model to match reference mode, extreme conditions, and sensitivity analysis.
4. Test and recommend context-specific strategies to increase the number of systems with target
performance (WPI > 0.70).
a. Formulate strategies to improve performance using factors identified from literature (2a),
SIASAR indicators or dimensions (2b), and sensitive variables from model tests (3c).
b. Test strategies using model to examine how strategy improves performance in each
country.
The remainder of this thesis will be arranged in the following manner. Chapter 2 will provide a
literature review of current and pertinent literature regarding community-management, systems thinking,
and systems approaches in WASH and development case studies. It also identifies knowledge gaps that
inform this thesis research. The following chapter will outline the methodology for conducting the
research. Chapter 4 will present the results and a discussion of the findings. The final chapter will provide
overall conclusions and recommendations and those specific for each country.

5

Chapter 2: Literature Review
Water is an “ephemeral resource that is always in motion,” yet management of water resources –
especially in developing countries – often does not account for changes over time as project management,
maintenance, and evaluation looks at snapshots that can create false images (Schouten & Moriarty, 2003).
Due to the dynamic nature of water resource management and existing problems with rural water
management, a new paradigm and approach would lead to more sustainable solutions to secure the human
right of water for all. This chapter will build the case for using a systems thinking approach to develop
solutions to problems with community-managed water systems. First, a short review of the history and
characteristics of community-management of water systems will be conducted, then a discussion of
whether these systems are able to sustain acceptable service levels over the lifetime and research that has
been conducted to improve their sustainability. Next, the principles of systems thinking will be reviewed,
how systems thinking can be used to solve problems, and why a systems approach is valuable for
sustainable development. Then, case studies of systems approaches used in a WASH context and in other
developing contexts will be reviewed. Next, the background of SIASAR will be reviewed, as well as
information about the monitoring system and research that has been conducted to date using SIASAR.
Finally, the chapter concludes with a section on identifying knowledge gaps in the literature that inform
this thesis research.
2.1 Community-Management of Water Systems
Community-management of water systems is a management strategy that evolved in the late
twentieth century with the beginnings of community participation, “bottom up” development models, and
the International Drinking Water and Sanitation Decade of the 1980’s (Schouten & Moriarty, 2003).
Community-management decentralized typical water management strategies by placing primary
responsibility at the community level after the infrastructure was constructed; this shift was driven by the
6

failure of conventional programs to achieve promised goals, the loss of developing states’ implementation
capacity, and support from governments, donors, non-governmental organizations (NGO), and
multilateral donors with different agendas (Chowns, 2015; Schouten & Moriarty, 2003). The basic
concept of community-management is that local communities have control over their water supply
system, with management conducted by a representative group of community members (Bolt & Fonseca,
2001).
Lockwood (2004) defines four key principles of community-management: participation, control,
ownership, and cost sharing. Participation is characterized by a share of the community being actively
involved in construction or management, while the community at large has broad and indefinite support
for the system. Direct or indirect control, with control being the ability to make strategic decisions, must
belong to the community over the operation and management of the system. The community should
ideally have formal legal ownership of the system and at the very least a perception of ownership. Cost
sharing is defined as a recurring contribution, not necessarily financial in nature, to the maintenance of the
system. Schouten and Moriarty’s (2003) four characteristics – collective community control, operation
and maintenance, ownership, and capital and operating contributions – are almost indistinguishable from
Lockwood.
Along with the principles of community-management, these systems have similar characteristics.
They are normally managed by a village water committee (VWC) or water point committee, which is
responsible for technical and financial management and is normally intended to be gender-balanced
(Chowns, 2015). These committees are often trained for a week after being first appointed and the
government is involved as a project facilitator and “backstop” for support (Chowns, 2015). In their 2001
field manual, Bolt and Fonseca (2001) describe the necessary conditions for community-management of
rural water systems; these conditions depend on internal dynamics and training of the water committee –
like information to make good decisions, training on delegation and conflict management – and external
factors – like legal ownership and access to technical support, managerial support, and spare parts. These
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conditions are similar to the more extensive internal and external factors that Schouten and Moriarty
(2003) described as key factors (Table 2.1).
Table 2.1: Internal and External Factors of Community-Managed Water Systems (Schouten & Moriarty,
2003)
Internal Factors
External Factors
Management Capacity

Legislation

Sense of Ownership

Policies

Quality Leadership

Technical Issues

Willingness and Ability to
Pay

Support Systems

Rule Enforcement

Capacity of Support
Agencies

Appropriate Design for
Community Livelihood
Baseline Skills, Education,
and Capacity

2.2 Sustainability of Community-Managed Water Systems
While community-management is a popular management model for rural water systems, its
failure to live up to its promises and to be sustainable over long periods of time has been well documented
(Chowns, 2015; Paul Hutchings et al., 2015; Sara & Katz, 1997; Schouten & Moriarty, 2003; Whittington
et al., 2009). These failures have come from internal community dynamics, lack of institutional support,
financial limitations, lack of capacity, etc. The following section will explore different reports and studies
about the sustainability of community-managed systems and the common pitfalls.
In a 1997 report for the World Banks Water and Sanitation Program, Sara and Katz (1997)
evaluated the impact of project rules on sustainability of ten projects in Benin, Bolivia, Honduras,
Indonesia, Pakistan, and Uganda. Relating to community-managed systems, they found problems with
cost sharing and financial management, operation and maintenance, and community perceptions. Most
cost sharing project rules were poorly defined, which influenced overall financial management; in 42% of
8

the projects, either no water tariffs were collected, or the tariff was too low to fund adequate maintenance.
Furthermore, operators often lacked the needed tools to maintain the system, with only 30% of the system
operators having successfully performed a major repair during the system life. Another common problem
was a gap in the perceptions and expectations of households and community leaders relating to the system
(Sara & Katz, 1997).
Schouten and Moriarty (2003) discuss in their book Community Water, Community Management
how the assumptions that community-managed water projects were implemented upon do not match
reality. Communities simply cannot manage their systems alone, but long-term support is lacking in
critical areas based on the assumption that they can. Assumptions about social and institutional conditions
are also not accurate as many water supply projects “cut reality into pieces” by assuming that
communities are homogenous, operate in an institutional vacuum, and impose sector boundaries that are
not representative of the actual situation (Schouten & Moriarty, 2003).
Lockwood (2004) draws two categories for common problems in community-managed systems:
limitations within the community and constraints external to the community. Within the community,
sustainability is limited by failure to collect adequate tariffs, lack of preventive maintenance, lack of
capacity, and poor community dynamics, cohesion, or socio-political conflict. Some common external
constraints are poor design or implementation, no or inadequate spare part supply chain, lack of support
policies or long-term support, and political interference (Lockwood, 2004).
Chowns (2015) found the following three problems through her research into communitymanaged water systems in Malawi: preventive maintenance, financial management, and gap in capacity.
Most villages did not have a stock of spare parts, preventive maintenance was rare, and repairs were slow
and sub-standard. There was great difficulty in both collecting and saving funds, with the average amount
saved being around two percent of what it should be, based on the tariff rates and ledgers. Water system
committees also struggled with the most basic technical aspects of the system and often lost capacity from
members migrating for work or dying (Chowns, 2015).
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The most common failures of community-managed systems are well-documented and consistent
across different countries and system designs. Systems are likely to fail due to financial instability, lack of
maintenance, community dynamics, lack of capacity, and no long-term support. These findings are
corroborated by a systematic literature review conducted, which found common problems to be technical
skills, access to spare parts, and the capacity of the water committee to detect and repair problems (Paul
Hutchings et al., 2015). In order to address these failings, previous studies have been conducted through
the University of South Florida Engineering for International Development program, formerly Master’s
International (https://www.usf.edu/engineering/cee/graduate/grad-efd.aspx), to determine the factors
influencing sustainability of community-managed systems in Madagascar, the Dominican Republic, Peru,
and Panama. The methods, findings, and limitations of these studies are summarized in Table 2.2. While
these studies have developed sustainability assessment tools for systems, the tools have not been tested at
different points in time nor do they address the interconnections and feedback between sustainability
factors. It is also important to note that the definition of sustainability may differ in the studies depending
on the overall study goals or objectives. Another limitation of the studies was neglecting the influence of
gender and ethnicity on community dynamics. The literature is particularly unclear about the role and
empowerment of women in community-managed water systems, as active and beneficiary participation
has been cited as significant for project effectiveness and sustainability (Narayan, 1995; Schweitzer,
2013), but also listed as “of less critical importance” by Lockwood (2003) and can lead to unintended
negative consequences in some cases (Cairns, Workman, & Tandon, 2017). These factors will be
reviewed in more detail in the following sections.
2.2.1 Women and Water Management
Since the New Delhi Statement and Agenda 21 in the 1990s, gender-balance on water committees
and participation of women users has been emphasized as essential for sustainable communitymanagement (Elias, 2017; Figueiredo & Perkins, 2013; Kevany & Huisingh, 2013; Mandara, Niehof, &
van der Horst, 2017; Schouten & Moriarty, 2003). Full participation and equal representation of women
throughout the design, implementation, and management of the system is important because “women
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possess incomparable knowledge of local ecological and water conditions due to gendered roles and
responsibilities” (Figueiredo & Perkins, 2013).
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Table 2.2: Findings of Community-Management Sustainability Studies
Reference
Annis,
2006

Location
Madagascar

Schweitzer, Dominican
2009;
Republic
Schweitzer
&
Mihelcic,
2012

Methods
Rapid Rural
Appraisal using
participatory
mapping,
seasonal
calendars, Venn
diagrams,
transect walks,
and semistructured
interviews.
Participatory
Rural Appraisal
(PRA) using
observation,
focus group or
key informant
interviews,
household
surveys, and
formal and
informal
interviews.

Findings
-Preventive maintenance not a priority.
-Technical capacity exists in most communities to diagnose
and repair when technicians have proper training, access to
tools, and supply of spare parts.
-The one-size-fits-all and top down approach to rural water
management does not work.
-Unclear rights and responsibilities of water committees
impact functioning and sense of ownership.
-Shortsighted water supply implementation projects and lack
of monitoring and evaluation lead to break down of
community management.
-Defective funds collection system or too high tariffs impact
systems throughout region.
-Developed Sustainability Analysis Tool to diagnose needs of
communities, identify what needs are most urgent, or identify
appropriate support organization.
-Eight indicators: activity level, participation, governance,
tariff payment, accounting transparency, financial durability,
repair service, and system function.
-Strong focus on building new infrastructure, insufficient
investment on post-construction support, and little
collaboration between rural water supply stakeholders.
-Identified importance of long-term involvement to support
community management.
-Sustainability impacted by decrease in motivation of active
participants, organizational capital, and system functioning
over time.

Limitations
-Budgetary constraints for
team size.
-Time constraint with fourhour sessions.
-Selective memory bias with
site reports.

-Limited time (three or four
hours) in remote
communities.
-Level of detail in PRA
approaches dependent on
local partners.
-Sustainability tool only
considers snapshot in time.
-Did not consider influence of
gender on sustainability.
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Table 2.2 (Continued)
Suzuki,
2010

Panama

Direct
observation and
informal
interviews.

Mangum,
2017

Peru

Rapid Rural
Appraisal using
focus groups,
interviews,
observation, and
surveying with
four instruments.

Galicia,
2019

Panama

Literature
review, pairwise
comparisons,
analytical
hierarchy
process.

Cools,
2020

Panama

Literature
review, study
design for
evaluating
communitymanaged WASH
systems

-Developed monitoring tool for gravity-fed water systems and
water committees in Panama
-Assessed 10 indicators: watershed, source capture,
transmission line, storage tank, distribution system, system
reliability, willingness to pay, accounting and transparency,
system maintenance, and active water committee members.
-Observed the following barriers: lack of inter-institutional
coordination, inequity of access within community, lack of
incentive to participate in water committee, and lack of
knowledge transfer.
-Identified effective monitoring and provision of continued
external support as most important factors for sustainability.
-Majority of systems and providers in Amazonas region face
significant challenges that they will not be able to overcome
alone.
-Recommends development of long-term monitoring plan and
improvement of external support through the technical support
provider (ATM).
-Adapted Sustainability Analysis Tool (Schweitzer, 2009) into
Decision-Making Tool with ten indicators and twenty
measures.
-Ten indicators: demand needs, system function, capital costs,
financial durability, source protection, environmental impact,
activity level, accounting transparency, repair service, and
labor expenditure.
-Proposed mixed methods study design to evaluate factors that
influence proper disinfection of water by Panamanian
community-managed water systems.
-Methods are observation, key informant interviews, and
surveys regarding community, service provider, water supply,
technical assistance, external support, technicians, and
knowledge of chlorination.

-Accessibility of
methodology and scoring
system.
-Limited time spent in
communities.
-Influence of gender on water
supply beyond scope.

-Incomplete data and lack of
knowledge in data collection
from secondary sources with
sustainability assessment
tools.
-Communities may not be
representative of Peru due to
size, poverty levels, and
coordination with the ATM.
-Influence of female
participation and institutional
visits neglected.
-Inconsistency in pair-wise
comparisons.
-Unable to collect data using
study design due to COVID19 outbreak
-Limited secondary data
regarding functioning water
committees (JAARs) and
presence of in-line
chlorinator.
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Despite emphasizing equal representation and gender-balance for three decades, women still face
many barriers to full participation. Research in nine rural villages in central Tanzania found that in the
majority of villages, half of the members on the VWC were women, but only one women held a
leadership position in all villages (Mandara et al., 2017). Creating formal opportunities for women in
decision-making structures is not enough to guarantee women’s participation and gender-responsive
services (Mandara et al., 2017). Elias (2016) identified four challenges to women’s involvement in water
user associations in South Africa: low self-confidence, cultural barriers, low capacity, and workload. With
a culture of women speaking up or voicing opinions in front of men being considered disrespectful,
women lacked self-confidence and expressed fear or shyness in expressing their views (Elias, 2017).
Many women are also unable to read or understand technical water issues, due to low capacity building
and education for women in the communities; they also felt constrained by balancing work, family, and
obligations with the water user association (Elias, 2017).
Knowing that creating opportunities for participation is not enough to guarantee equitable and
gender-balanced community-management begs the question – what can be done to address the problem?
Using participatory and inclusive processes – like community mapping, water walks, leadership training,
and community-based water monitoring – for research and community development projects has been
effective for involving women and youth in watershed projects in Canada and Brazil (Figueiredo &
Perkins, 2013). The research in central Tanzania found three promising ways of change for women’s
participation (Mandara et al., 2017). Having role models of accepted and successful women leaders can
empower women to get involved more actively; passive participation in decision-making spaces, like
community meetings, was also found to provide exposure and lead to more active participation in the
future (Mandara et al., 2017). And finally, local women’s social and economic groups (WSEGs) are
potentially a vehicle for greater bargaining power, negotiation, and leadership skills (Mandara et al.,
2017).
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2.2.2 Indigenous Communities and Water Management
Indigenous communities in both the developed and developing world are faced by poverty and
low access to sanitation and water supply; their low access is due to physical and economic challenges,
cultural and political barriers, and weak participation or lack of representation in politics and decisionmaking spaces (Jimenez, Cortobius, & Kjellen, 2013). To illustrate this point, Rivas (2012) found in
southern Mexico that indigenous populations experience lower levels of piped water coverage than nonindigenous areas, even when controlling for factors like population density and income.
While extending water and sanitation services to hard-to-reach populations has been a focus in
recent years, two common barriers to indigenous community access are water rights and willingness to
pay. Historically, indigenous peoples have been stripped of their land and had difficulty acquiring formal
recognition of land ownership and collective ownership of natural resources (Jimenez et al., 2013). This
has also been seen in the denial of water rights – which dictate access to water and infrastructure and
recognized authority and rules over water resources – by state laws and private companies (Boelens,
2008). As referenced in the earlier section, formal ownership and the perception of ownership are key
factors in CMWS. Willingness to pay for WASH services is another barrier for extending services to
indigenous communities, as water is not viewed as a commodity in most indigenous worldviews
(Anderson, Clow, & Brockman, 2013). In a study of South Australian Aboriginal communities,
researchers found that the users did not want to pay for water services due to the following factors:
inability to pay, mistrust of service provider, inadequacy of supply (poor water quality), a culture of not
paying for water, and dislike of decisions being “imposed on them” (Pearce, Willis, & Jenkin, 2007).
In a 2013 report on intercultural approaches to rural WASH projects, Jimenez, Cortobius, and
Kjellen (2013) provided four important elements to consider when working with indigenous
communities: (1) indigenous peoples’ worldview, relationship and knowledge related to water and
sanitation, (2) involvement of indigenous authorities, (3) establishment of relationships between
indigenous authorities and governmental institutions, and (4) tariffs and monetization of water.
Integrating traditional knowledge and developing culturally appropriate technologies or strategies is
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essential for sustainability. An important intersection to note is the role of women in many indigenous
cultures as the keeper of water or as water protectors (Anderson et al., 2013).
Two examples of how traditional indigenous knowledge can be integrated into WASH design are
a study of composting latrines in Panama and the Mauri Model in New Zealand (T. Morgan, 2006;
Naughton, Akers, Yoder, Baer, & Mihelcic, 2018). In Panama, researchers found that indigenous
communities had more positive perceptions of the resource recovery potential of an ecological sanitation
technology than Latino communities, which could help the uptake rate of composting latrines (Naughton
et al., 2018). Researchers integrated Tangata Whenua knowledge into a sustainability model in New
Zealand and evaluated possible low impact urban designs for water infrastructure; they found that
appropriate designs should: maintain sufficient flow to support ecosystems; increase water use efficiency;
decrease water resource wasting; reduce, reuse or eliminate waste or stormwater flows; and encompass
the views of the indigenous community (T. Morgan, 2006).
2.3 Systems Thinking
Systems thinking is a burgeoning branch of science that focuses on holistic thinking and going
beyond the reductionist and cause-and-effect problem-solving that is common today. The basic principle
is that a system is more than a collection of its parts and focuses on the elements, interconnections, and
function or purpose of a system (Arnold & Wade, 2015; Kim, 1999). Systems thinking can be defined as
a “purposeful awareness of interconnected, interdependent systems with self-generated behaviors” or a
way of “seeing and thinking about reality to help understand and work with systems to influence the
quality of life” (Kim, 1999; Neely, 2019). A comprehensive definition of systems thinking was developed
by Arnold and Wade (2015), by applying a systems approach to reviewing the key components and
definitions of systems thinking; they defined it as a “set of synergistic analytic skills used to improve the
capability of identifying and understanding systems, predicting their behaviors, and devising
modifications to them in order to produce desired effects” (Arnold & Wade, 2015). Arnold and Wade
(2015) described the eight key elements of systems thinking as: (1) recognizing interconnections, (2)
identifying and understanding feedback, (3) understanding system structure, (4) differentiating types of
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stocks, flows, and variables, (5) identifying and understanding non-linear relationships, (6) understanding
dynamic behavior, (7) reducing complexity by modeling systems conceptually, and (8) understanding
systems at different scales.
The key elements, according to Kim (1999), are understanding the system, feedback mechanisms,
and delays. Systems have a purpose and all elements or components of the system must be present or
arranged in a certain order to carry out the purpose optimally. Feedback mechanisms, which are the
transmission and return of information, are the means of systems attempting to maintain stability through
either positive (reinforcing) feedback or negative (balancing) feedback; reinforcing feedback loops cause
exponential growth or decay in the system, and balancing feedback loops cause goal seeking or
attenuating behavior. The final important factor is time delays, which can be physical, transactional,
informational, or perceptual (Kim, 1999).
2.3.1 Using Systems Thinking to Solve Problems
Systems thinking is a tool to solve problems by going beyond linear cause-and-effect
relationships to understand the complex structure that underlies the pattern of events or problems.
Knowing the definition and the key components of systems thinking leads to the question: how can this
tool be used to solve problems? There are three approaches typically used: identifying leverage points,
using systems archetypes, or modeling behavior and testing policies. The first two approaches will be
discussed in the following section, but the modeling approach will be examined through case studies in
Sections 2.4 and 2.5.
Leverage points are places to intervene in the system structure that lead to significant and
enduring improvements. Meadows (1999) identified twelve general leverage points, in increasing order of
effectiveness, of where to intervene in a system to cause lasting change; Meadow’s list of leverage points
and examples from the WASH sector can be seen in Table 2.3. As seen in the table, the real leverage is in
the deepest parts of the system – the mindset, mental models, or values – but this is often the most
difficult to change (Morgan, 2005). Because the deepest parts of the system are most difficult to change,
most WASH strategies are not high-leverage and have a tendency to focus more on standards, capacity,
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technology, and management, rather than the structure of the system, roles of external players,
information flows, and nexus issues that involve WASH. To develop a framework for leverage points,
Abson (2016) synthesized the existing literature into three realms of leverage for sustainability: (1)
restructuring the role of institutions, (2) reconnecting to nature, and (3) rethinking knowledge production.
Roxas et al.(2019) also developed a framework for identifying potential leverage points, which must meet
three criteria: (1) common cause to multiple effects that change (accelerate or decelerate) operation of
system, (2) can be influenced by intervener, and (3) independent root cause.
Another method to solve problems using systems thinking is to use systems archetypes to give a
sense of where to intervene (Morgan, 2005). Archetypes are generic behavior models with a given system
structure and strategies for common problems that can be used to recognize patterns of behavior, test
policies, and develop solutions (Braun, 2002). There are ten archetypes that are commonly acknowledged
and any could be applied to WASH systems to diagnose current problems or as a foundation to construct
a model. Systems archetypes can be used as a lens, as structural pattern templates, as dynamic theories or
hypotheses, and as tools for predicting behavior (Kim & Lannon, 1997).
2.3.2 Relevance of Systems Thinking to Sustainable Development
Sustainability is related to the dynamic and complex relationships between environmental,
economic, and social systems. But our mental models and common ways of thinking lead to a focus on
events, narrow spatial boundaries, ignorance of time delays, unintended consequences, and exclusion of
non-physical activities (Soderquist & Overakker, 2010). Therefore, systems thinking can enable
researchers and practitioners to sustain the whole system, and not just a single part, by understanding
complexity and not being overwhelmed by it through the methods of seeing structures, patterns, and
events underlying problems (Hjorth & Bagheri, 2006).
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Table 2.3: Places to Intervene in System
Leverage Points in System (in increasing order of
Examples from the WASH Sector (Neely,
effectiveness) (Meadows, 1999)
2019)
12. Constants, parameters, numbers
Water quality targets; standards for toilets
11. The sizes of buffers and other stabilizing stocks,
Capacity of water reservoirs or wastewater
relative to their flows
treatment plants
10. The structure of material stocks and flows
Well-designed sewer networks or piped water
schemes
9. The length of delays, relative to the rate of system
Managing groundwater pollution from waste
change
or water scarcity from overuse or climate
change
8. The strength of negative feedback loops, relative to
Compliance for fecal sludge management or
the impacts they are trying to correct against
managing waterborne diseases resulting from
poor WASH
7. The gain around driving positive feedback loops
Incentives to transition to open defecationfree status
6. The structure of information flows
Real-time information about water use; water
pricing based on type, use, and amount
available
5. The rules of the system
Role of local government; enforcement
strategies for safe fecal sludge management
4. The power to add, change, evolve or self-organize
Decentralized WASH strategies that address
system structure
nexus issues (i.e. food-energy-water, climate
change).
3. The goals of the system
Human Right to Water and Sanitation; SDG
6
2. The mindset or paradigm out of which the system –
Gender equality and inclusion in WASH;
its goals, structure, rules, delays, parameters – arises
public/private ownership and responsibility
1. The power to transcend paradigms
Transformative learning from project
implementation; non-attachment to WASH
solutions associated with particular
paradigms
2.3.3 Limitations and Challenges of Systems Thinking
While systems thinking is a valuable tool to solve problems, especially in sustainable
development, there are some limitations and challenges to systems thinking. Building a systems model
requires great intensity of time and resources, which is often not available (Soderquist & Overakker,
2010). Soderquist and Overakker (2010) go on to explain two other limitations of using a systems
approach in sustainable development being ignorance of social consequences and weakness or bias in the
problem generation process. Morgan (2005) also discusses four challenges in sustainable development.
With the dominance of funders in development, there is pressure to seek positive results in the short term,
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which goes against principles of emergence for complex systems. With WASH systems being complex
systems, they tend to evolve through self-organization, adapt to the environment, and show emergent
structure or behavior, which is not necessarily visible in two to five years after a project is implemented.
Furthermore, reductionist mental models that are dominant in development lead to a linear pursuit of
preselected outcomes (P. Morgan, 2005). Most systems thinking research has been conducted in highincome countries as well and there is resistance in the development sector due to the threat to established
monitoring and evaluation, performance management, and capacity assessment policies (P. Morgan,
2005).
2.4 Systems Thinking and WASH
Systems thinking is a research and implementation toolkit that should be applied to WASH
systems because they are complex adaptive systems. It is widely known that improvements in WASH
have synergistic effects as there are interconnections between safe water, sanitation, and hygiene practices
in communities, along with other SDGs (Neely, 2019; Zhang et al., 2016). Furthermore, the pattern of
problems in WASH systems are often similar but the context is different. Neely (2019) makes the case for
WASH systems being complex adaptive systems because they co-evolve with the environment, selforganize, have emergent properties, demonstrate dynamic non-linear behaviors, are sensitive to initial
conditions, and have a certain level of stability due to feedback processes. WASH systems involve
human, technical, and environmental systems (McConville & Mihelcic, 2007), which introduce more
layers of complexity. Successful WASH systems involve time, local context, responsibility, vulnerability,
power, skills, and quality of materials as variables, but standard methods of project implementation and
management are not ensuring long-term sustainability (Neely, 2019). Therefore, there is a need for more
participatory development and new tools or strategies that can account for complexity. In this section,
different systems thinking tools or strategies will be evaluated and case studies will be reviewed to
understand how systems thinking has been used for WASH systems.
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2.4.1 Agent Based Modeling
Agent Based Modeling (ABM) is an object-oriented, spatial model that can exhibit emergent
behavior and is used to study complex systems (Mellor, Smith, Learmonth, Netshandama, & Dillingham,
2012). This tool is often used in the social sciences to observe how agents, often people or households,
behave in response to the state of systemic factors and how those behaviors in turn affect the state of the
systemic factors over time (Liddle & Fenner, 2017). The advantages of ABM are the ability to examine
the impact of micro-scale behaviors on macro-scale patterns, study social interaction and agent influence,
and the system can include heterogeneity and diversity among the agents. The disadvantages of ABM are
that identifying behavioral rules can be extremely time-consuming and potentially misleading,
programming skills are necessary, model simulations can be computationally intensive, and the model
cannot be inverted by setting a desired systemic outcome (Liddle & Fenner, 2017).
ABM was applied in a case study in Limpopo, South Africa to quantitatively understand the
complex water chain and how coliform bacteria transmission influences early childhood diarrhea (Mellor
et al., 2012). The researchers used an eight month investigation of water quality and practices in the
community along with Netlogo, an ABM modeling program, to test hypotheses over a thirty year time
period by varying the following parameters: boiling, collection intervals, municipal tap water quality, and
water storage container biofilm layer (Mellor et al., 2012). They found that the boiling frequency, source
water quality, water container type, and biofilm layer were all potential intervention areas, with the best
results being from intervention combinations. The value of using ABM for this case study was to guide
future policy and to test multiple hypotheses about the effectiveness of different interventions or
combinations. With the geo-spatial aspect of ABM, the researchers were able to identify key areas in the
community that required more attention, or had more cases of early childhood diarrhea, which would
allow decisionmakers to target interventions for the most vulnerable (Mellor et al., 2012).
2.4.2 Causal Loop Diagrams
Causal loop diagrams (CLDs) are conceptual models that represent the system structure by
showing causal relationships, feedback loops, and time delays between factors within a system boundary
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(Liddle & Fenner, 2017). The arrows on causal relationships are marked with positive (S) or negative (O)
signs to indicate the direction of the relationship; a positive sign indicates a reinforcing relationship where
change occurs in the same direction, where a negative sign is a balancing relationship where factors
change in the opposite direction. Feedback loops form when causal relationships form a closed circuit and
these loops cause dynamic behaviors in systems over time. Reinforcing loops, determined by an even
number of negative relationships, lead to self-propelling behavior, or exponential growth or decay.
Balancing loops, with an odd number of negative relationships, lead to stable or goal-seeking behavior.
CLDs depict system structure visually and can be a tool for communication with experts or stakeholders
without a need for quantitative data. The disadvantages of CLDs are the lack of quantitative
understanding of systemic factors impacting systems and the model can reflect insights or bias of the
model developers. The value of using CLDs is to qualitatively assess changes in parts of system that
affect other system parts (Liddle & Fenner, 2017).
In Uganda, a systems thinking approach using CLDs was applied to examine the suitability of
payment terms in handpump drilling projects (Neely, 2019). The model was developed using data from
eighty semi-structured interviews with various stakeholders. The researchers identified four primary
problems, the root issue behind the problem, and suggested possible intervention points based on system
structure. For example, one problem was that the payment terms set by implementing agencies was not
suitable for high quality work, where the root issue was superiors not allowing the terms to change.
Therefore, suggested intervention points were to increase the superior’s knowledge through training
opportunities and to increase willingness of superiors to allow project managers to set prices and terms
(Neely, 2019).
Walters and Javernick-Will (2015) also used CLDs to identify the most important factors that
influence long-term functionality of rural water infrastructure in developing countries, using a literature
review and a panel of water sector experts. They identified six sustainability factors: (1) water system
functionality, (2) community, (3) financial, (4) government, (5) technology, construction, and materials,
and (6) management. After modeling the relationships between the six factors in a CLD, researchers
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found that the polarity of all factors was positive, which leads to either an increase or decrease in
functionality over time; they also identified the most dominant feedback mechanisms in the system as the
loop between water system functionality, community, financial, and management (Walters & JavernickWill, 2015a).
2.4.3 Bayesian Networks
Bayesian Networks express systems as a network of interactions between variables linked by
conditional dependencies and associated probabilities and from primary cause to the final outcome (Chen
& Pollino, 2012; Liddle & Fenner, 2017). The features of Bayesian Networks are an inability to represent
feedback loops, explicit relationships between variables, ability to integrate information from a range of
sources and sub-models, easily updated due to modular structure, easy to use, and limited ability to deal
with continuous data (Chen & Pollino, 2012). Because Bayesian Networks use discrete data, they are
snapshots in time rather than dynamic (Liddle & Fenner, 2017). Bayesian Networks are a useful tool for
systems with high uncertainty, limited or incomplete data, non-linear and complex relationships,
qualitative or quantitative information, several components, and for systems that require stakeholder
engagement (Chen & Pollino, 2012).
Bayesian Networks were used to understand the factors that influence water system functionality
in Nigeria and Tanzania for piped and pumped water systems (Cronk & Bartram, 2017). The researchers
used secondary data to build the network based on the following factors: geospatial data, functionality,
poverty, population density, groundwater availability, and distance to urban center. Their analysis found
both controllable and uncontrollable nodes, with management, system type, and payment type being
manageable and climate zone and population density being uncontrollable. They also found that
functionality was associated with system age, as systems older than five years have significantly lower
functionality (Cronk & Bartram, 2017).
2.4.4 Social Network Analysis
Social Network Analysis (SNA) is a tool to analyze relationships between various actors via a
quantitative and visual representation of stakeholder interactions (Neely, 2019). McNicholl (2019)
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describes four types of SNA: snowball network analysis, whole network analysis, ego network analysis,
and actor and factor analysis. Snowball network analysis maps networks of both known and unknown
stakeholders involved in the service delivery. It is useful for exploratory mapping in unfamiliar
environments, generating hypotheses, and developing visualizations for communication. Whole network
analysis is used to identify gaps, brokers, and communities of coordination in groups of known
stakeholders. It is useful for analyzing changes in the network over time and for identifying network gaps
and the most central stakeholder. Ego network analysis looks at the relationships and influences around a
chosen stakeholder of interest and can be used to quantitatively assess smaller parts of large networks.
Actor and factor analysis is a combination of snowball network analysis with qualitative methods to
analyze how different stakeholder groups relate to different issues. It is useful for prioritizing where to
work (Neely, 2019).
Walters and Javernick-Will (2015b) used SNA to understand stakeholder alignment in Terrabona,
Nicaragua through emergence and analysis of respective values. They conducted focus groups with
various stakeholders and constructed stakeholder value networks to identify factors that lead to long-term
functioning of rural water systems. To analyze the networks, they measured the betweenness, a measure
of how centrally located a value in network is connected to other values, and alignment between each
stakeholder group’s network. The findings were that finances had a high betweenness score and that the
factors of water resources, management, and technology were well-aligned across networks, although the
details or expectations of management varied across stakeholder groups. The researchers also found that
the largest discrepancy in networks was between academics, NGOs, and government, leading to the
conclusion that improved alignment could improve planning, implementation, and management of
community-based water systems (Walters & Javernick-Will, 2015b).
Egocentric network analysis was used to determine network characteristics that local
governments have in common and what characteristics are perceived to be important to support
institutional development using case studies in Ghana, Malawi, and Bolivia (McNicholl, McRobie, &
Cruickshank, 2017). The local governments selected for the case studies in each country were based on
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recommendations by international organizations and the success of the local institutions in improving
performance in the water sector. Because the focus was on the local governments, there was no
information provided on the water system type, but the municipalities in each case were predominantly
rural. The researchers used snowball sampling to conduct in-person interviews with stakeholders in each
community, where they completed a network mapping exercise and commentary about the role of local
government in rural water supply. To analyze the network quantitatively, the size and homophily
(measure of how similar degree nodes connect to each other) were measured; they found that all networks
had at least ten information relationships and were more heterophilic than homophilic. They also
identified three network characteristics and explored these with the qualitative data from interviews. The
first two characteristics related to the local government’s information and skill ties with lower hierarchy
(i.e. communities, private sector, and water committees) and higher hierarchy (i.e. regional and national
government). With the lower hierarchy, the tie was important for providing technical support and
monitoring as well as giving feedback to the local government on possible areas to improve performance.
With the higher level of hierarchy, the tie provided technical support to the local government and
exchange of information to strengthen the local government. The third characteristic was coordination
between higher-level hierarchy stakeholders providing strong information and skill support (McNicholl et
al., 2017).
2.4.5 Factor Mapping and Analysis
Factor mapping is the process of learning about factor interaction and dynamics through the
identification, relative strength, and polarity of factors (Walters, Neely, & Pozo, 2017). After identifying
factors through a participatory process (often a group modeling workshop), the researchers develop a
CLD to identify feedback loops and analyze feedback mechanisms. Then, the influence and dependence
of factors is analyzed using a matrix of cross impact multiplications applied to classification (MICMAC).
This method is a way to quantitatively assess causal loop diagrams. In the development of the factor
mapping process, the researchers tested the tool with several community water committees in Jalapa,
Nicaragua through two days of workshops to identify factors that influence long-term functionality and
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discuss strategic action steps; they found that the success of the method was dependent on a skilled
facilitator to prepare the model and run the data between the workshop days (Walters et al., 2017). It is
also important to note that due to the short time period for the workshops and dependence on skilled
facilitator, this method will likely be limited in preparing the communities for implementing and
sustaining necessary changes to their water system.
This method was used in four case studies in both Uganda and Ethiopia to understand the critical
WASH sustaining factors, how the factors interact, and what is common across contexts (Valcourt,
Walters, Javernick-Will, Linden, & Hailegiorgis, 2020). The four districts chosen had systems managed
either by the community or the private sector and were representative of rural water services in SubSaharan Africa in terms of access to basic services and average functionality. After developing the crossimpact matrix and CLD after group model building workshops, they found 12 common factors that
influence functionality long-term. The factors with the greatest degrees of influence were water service
sustainability and community; the factors with the greatest degree of dependence were financing,
coordination, and operations and maintenance. The researchers found that there was little evidence for
one factor to consistently act as a leverage point across the cases in Uganda and Ethiopia, indicating that
leverage points are highly context specific for the four case studies (Valcourt, Walters, et al., 2020).
2.4.6 Stock-Flow Diagrams
Stock-flow diagrams (SFDs) are a systems dynamic quantitative tool used to model how elements
in a system accumulate or decline over time and to run simulations of the system (Sterman, 2000). The
main components of SFDs are stocks, flows, sources/sinks, and auxiliary variables. Stocks, which are
represented by a rectangle in diagrams, characterize the state of the system, accumulate the difference
between inflow and outflow, create time delays, and provide systems with inertia or memory; they are
changed by their rates of flows. Flows, either inflow or outflow, move in and out of the stock and are
represented by a pipe with a valve. Flows can be material or informational and can have auxiliary
variables that describe them. Sources and sinks, represented by clouds, are the source from which a flow
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originates or drains into that is outside the system boundary. A SFD can be used to simulate future
behavior by reproducing and calibrating the model using a historical system state (Sterman, 2000).
The advantages of SFDs are their visual nature allows stakeholder communication, dynamic
system behavior can be modelled through feedback loops and time delays, and the future system state
behaviors can be projected after model calibration (Liddle & Fenner, 2017). The disadvantages of SFDs
are the time-consuming model development process, relationships between factors need to be welldefined with mathematics, accessing historical direct measurement data is difficult, and it is not
appropriate for assessing state factors that do not accumulate or deplete over time (Liddle & Fenner,
2017).
Stock-flow modelling was used to develop a decision-making model for climate resilient
wastewater infrastructure in the Florida Keys and to model the adoption of wastewater-based resource
recovery technologies in Placencia, Belize (Prouty, Mohebbi, & Zhang, 2018; Prouty, Mohebbi, &
Zhang, 2020). Both case studies used similar methods, model development, and strategies for leveraging
the most sensitive parameters to develop solutions. First, a CLD was used to conceptualize the system,
then a SFD was developed using mixed methods, like water quality analysis, surveys interviews,
observation, and literature review. From the author’s experience with system dynamic modelling, one of
the most challenging aspects is collecting or sourcing sufficient data over a long period of time as a
reference mode for the model. Prouty et al. (2018) used both social science research methods and
literature review to collect data for the two cases. The models were then evaluated using structural and
behavioral tests, including extreme condition testing, sensitivity analysis, and comparison with historic
data. While the purposes of two models were different, they were both developed to be tools for decisionmakers to test possible strategies relating to their wastewater systems; furthermore, both models depend
on behavior change to lead to the desired performance measures in the systems (Prouty et al., 2018).
For the Belize case study, variables influencing a household’s decision to adopt resource recovery
technology was parameterized using 157 surveys, 15 semi-structured interviews with system adopters, 76
interviews with non-adopters, and observations. In the final structural test, the model was compared with
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historical data of the number of adopted systems from 2005 to 2015 provided by EcoFriendly Solutions.
The researchers leveraged the most sensitive parameters into marketing, social, and technical strategies;
while a marketing strategy of increased site demonstrations increased adoption, they found that changing
the model structure through a paradigm shift in targeting RR users’ behavior led to the greatest degree of
sustainability (Prouty et al., 2018).
For the Florida Keys case, secondary data was collected from government documents,
engineering reports, and public records to populate the model’s parameters and the model was compared
to the historical data of the number of advanced onsite systems installed over a 40 year period by the
Florida Department of Health. The researchers found that leveraging the influent domestic wastewater
concentration and flow rate would have the greatest influence on performance; after testing three
strategies, they found the best approach was a socio-technical strategy to implement urine-diversion
technology which yielded the greatest decrease in nutrient loading (Prouty et al., 2020).
Stock-flow modelling was also used to understand the dynamic behavior of Ghana’s Volta River
Basin and test strategies for sustainable water resource management and agricultural development (Kotir,
Brown, Marshall, & Johnstone, 2017). The researchers followed the same general method as Prouty et al.
(2018, 2020), with the dynamic hypothesis and CLD being developed with stakeholders in participatory
modelling workshops. Using the model - which consisted of population dynamics, water resources, and
agricultural production sub-models – to test scenarios, they found limits to growth behavior and that the
popular notion of cropland expansion was not the most viable option. The best scenario was from the
development of water infrastructure, which led to improved crop yields and increased net-farm income
for people living in the basin (Kotir et al., 2017).
2.5 Systems Thinking and Sustainable Development
Systems thinking tools have been applied in other contexts to study and achieve sustainable
international development. It has been used to manage natural resources in Indonesia and Mexico (Pope
& Gimblett, 2015; Purnomo & Mendoza, 2011), to develop solutions for agribusiness in Ghana (Banson,
Nguyen, Bosch, & Nguyen, 2015; Banson et al., 2018), to understand community resilience and
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sustainability amongst flood risk and climate change in Zimbabwe and Vietnam (Mavhura, 2017; Nguyen
& Bosch, 2013), and to develop strategies to control dengue epidemics in Mexico (Ritchie-Dunham &
Mendez Galvan, 1999). Table 2.4 summarizes the purpose and methods for each case study. Each case
study follows a similar trajectory to the WASH case studies where the problem is articulated and a
conceptual model is developed by reviewing literature, focus group discussions, interviews, or surveys.
Then, the model is developed and used to test strategies. In each case, the model is a tool for decisionmakers to explore policy options through the system behavior over time, constraints or barriers to positive
change, identified leverage points, and projected future outcomes for policies.
Most of the studies recommended strategies to solve the problem they were addressing using
different methods identified in Section 2.3, except in the case of Pope and Gimblett (2015) which
examined different climate scenarios but did not recommend any solutions based on the model. To
identify leverage points, most of the studies used system archetypes to suggest areas of high or low
leverage (Banson et al., 2018; Nguyen & Bosch, 2013; Ritchie-Dunham & Mendez Galvan, 1999) or
identified common causes or higher leverage variables using a causal loop diagram or other mapping tool
(Banson et al., 2015; Mavhura, 2017; Purnomo & Mendoza, 2011; Ritchie-Dunham & Mendez Galvan,
1999). Three of the studies used stock-flow diagrams or a Bayesian Network to simulate system behavior
and test different policies recommended by stakeholders (Banson et al., 2015; Purnomo & Mendoza,
2011; Ritchie-Dunham & Mendez Galvan, 1999). Of the strategies recommended by the studies, they
typically consisted of changing the rules of the system, structure of information flows, or changing the
gain of positive feedback loops and strength of negative loops. With respect to Table 2.3, the strategies
fall in the mid-level range for effectiveness, according to Meadows (1999). They are more effective than
changing parameters or other low impact leverage points but do not have the highest leverage with the
ability to transcend paradigms or affect the goals or mental models of the systems.
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Table 2.4: Case Studies of Systems Approaches in International Development
Reference
Location
Purpose
Systems Approach
Purnomo &
East Kalimantan,
Examine policy options that
System dynamics and
Mendoza, 2011
Indonesia
reduce forest degradation through stock flow diagrams
management strategies.
Pope & Gimblett, Sonora, Mexico
Understand how future climatic
Bayesian cognitive
2015
conditions influence social and
network mapping and
physical systems related to
agent-based modeling.
impacts of rancher decisionmaking on the environment.
Banson et al.,
Ghana
Understand dynamics and
Causal loop diagram
2015
relationships present within the
and Bayesian belief
agricultural industry.
network modeling.
Banson et al.,
Ghana
Identify, reduce, and eliminate
Causal loop diagram
2018
threat to piggery industry.
and system archetypes.
Mavhura, 2017
Muzarabani,
Determine how rural livelihoods
System dynamics and
Zimbabwe
shape community resilience in
stock flow diagram.
presence of flood risk.
Nguyen & Bosch, Vietnam
Model sustainability of Cat Ba
Causal loop diagram
2013
Biosphere Reserve and to identify and system archetypes.
leverage points and strategies.
Ritchie-Dunham
Mexico
Integrate political, environmental, Causal loop diagram,
& Mendez
social, and structural variables
system archetypes, and
Galvan, 1999
into model of dengue fever
stock flow diagram.
epidemics to examine strategic,
epidemic-control policies.
2.6 SIASAR
2.6.1 Context for SIASAR Development
The Rural Water and Sanitation Information System (SIASAR in Spanish) was initially launched
in 2011 after the governments of Panama, Nicaragua, and Honduras sought to fill the gap in service
delivery occurring in Latin America. Like other developing regions, rural water and sanitation supply
(RWSS) in Latin America is typified by community-managed organizations lacking finances and
technical capacity, public investment favoring the construction of new technology, economies of scale
leaving out very small and remote populations, and weak regulatory and legal frameworks (Rodriguez et
al., 2017). There was also a big gap in accurate, up-to-date and comprehensive data relating to RWSS,
which further inhibits local, regional, and national decision-makers from identifying and responding to
needs (Rodriguez et al., 2017).
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SIASAR was developed in a participatory and collaborative process between local officials and
experts from participating countries and technical knowledge and scalability from the following
organizations: the World Bank, Inter-American Development Bank, IRC Wash, UNICEF, Water for
People, Swiss Agency for Development and Cooperation, and Spanish Agency for International
Development Cooperation (Rodriguez & Weiss, 2016). It is guided by the principles of being a simple,
robust, institutionalized, open, harmonized, adapted, flexible, and current tool and the conceptual model
has been updated to SIASAR 2.0 in 2017 (Rodriguez et al., 2017). Since its inception, SIASAR has
expanded from 3 to 11 members, collected data from more than 31,400 rural communities (as of
November 2020), and informed more than 102 initiatives and activities (Rodriguez et al., 2017).
2.6.2 How SIASAR Monitors Rural Water and Sanitation Progress and Sustainability
SIASAR monitors progress and sustainability through four basic components: access to basic
services, quality of service, performance of service provider, and effectiveness of technical assistance
(Rodriguez et al., 2017). The data is collected through four questionnaires (Table 2.5 shows relevant data
associated with surveys). While the actors collecting, processing, validating, and analyzing the data may
vary country to country, the process follows these general steps:
1. Conduct preliminary tasks prior to fieldwork: survey team training by responsible entity and
contact with local institution.
2. Data collected in community through closed-question survey, water quality testing,
interviewing service provider members, community tour (including schools and health
centers), direct observation, and sample of household visits.
3. Data validation through check for logical errors, agreement with interviewees, and final
verification by municipal or national authorities.
4. Data shared on open source, web platform: data.globalsiasar.org (Requejo-Castro et al.,
2017).
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Table 2.5: Relevant Data for SIASAR Questionnaires (Requejo-Castro et al., 2017; Rodriguez et al.,
2017)
Community
Location; population; ethnicity; language; household water
coverage; household sanitation and hygiene infrastructure and use
Water System
Location; service type; water source type; infrastructure status
(catchment, conduction, treatment, storage, distribution); physiochemical water quality
Service Provision
Type of provider; organization; legal status; tariff; gender equity;
revenues and expenses; operation and maintenance; environmental
protection practices; accountability
Technical Assistance Provision Type of provider; jurisdiction; frequency of interventions;
competence; resources; community coverage; type of support
Once the data has been collected, 60 indicators are classified into 24 components, which are then
grouped into six dimensions: Water Service Level (WSL), Sanitation and Hygiene Service Level (SHL),
Schools and Health Centers (SHC), Water System Infrastructure (WSI), Service Provision (SEP), and
Technical Assistance Provision (TAP) (Conceptual Model SIASAR 2.0, 2016; Rodriguez et al., 2017).
The first 3 dimensions are aggregated using geometric means into the Water, Sanitation and Hygiene
Service Level Index (WSHL) and the last 3 dimensions are aggregated similarly into the Water Services
Sustainability Index (WSSI); these two sub-indices are aggregated using equal weighting into the final
index: the Water and Sanitation Performance Index (WSP) (Conceptual Model SIASAR 2.0, 2016;
Rodriguez et al., 2017). Because the indicators are collected on different scales (numeric, percentage,
yes/no), they are normalized prior to analysis and assigned a score between 0 and 1. The dimensions and
indices are also classified based on a letter score for simplicity that is based on the premise that
sustainability will decrease (from A to D) if a service or system does not receive attention, resources, or
care to maintain functionality (Rodriguez et al., 2017). Table 2.6 includes the description of each
classification and the two intervals for numeric scoring. In practice, different intervals are being
implemented because of the regional goal to reach higher service levels (Requejo-Castro et al., 2017).
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Table 2.6: SIASAR Classification Methodologies (Conceptual Model SIASAR 2.0, 2016; Rodriguez et al.,
2017)
Classification Description
Equal Interval
Different
Range
Interval Range
A
Optimum service level. Typical score for
0.75 – 1.0
0.90 – 1.0
new services and should be maintained.
B
Acceptable level of performance with
0.50 – 0.74
0.70 – 0.89
emerging problems. Requires attention, but
community has financial resources and
technical capacity to address problems.
C
Inadequate level of operation that must be
0.25 – 0.49
0.40 – 0.69
corrected or rehabilitated. External support
needed to solve problem.
D
Non-existent service or offline system.
0 – 0.24
0 – 0.39
Requires external financial and technical
support.
2.6.3 Research Conducted Using SIASAR
In addition to three previously reviewed studies (Cools, 2020; Galicia, 2019; Mangum, 2017) that
used SIASAR surveys or elements of SIASAR to assess sustainability of community-managed systems,
SIASAR data collection methods or collected data has been used by researchers to address sustainability
gaps (Rodriguez & Weiss, 2016), assess factors that determine water service sustainability (Borja-Vega et
al., 2017), survey community-managed water systems (Muniz Machado et al., 2020), and construct
Bayesian networks to support decision-making and understand service continuity (Cronk & Bartram,
2018; Pérez-Foguet et al., 2017). It is important to note that all these studies used SIASAR version 1.0
because data was collected or accessed prior to 2017.
Rodriguez and Weiss (2016) reviewed SIASAR data for anecdotal evidence relating to gender,
legality, ethnicity, and willingness to pay; they found a positive correlation for systems scoring an “A”
with greater percentages of female board members, higher tariffs, and legal status and that indigenous and
Afro-descendent communities had lower coverage levels. Borja-Vega et al. (2017) conducted a
quantitative analysis of Nicaraguan data to explore the technical and organizational aspects that favored
sustained operation. From their regression analysis and survival functions, they confirmed the importance
of technical assistance, as it enhanced sustainable service for all system types and tariff structures;
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furthermore, their analysis showed differences among technology type and operation and management
arrangements and demonstrated the importance of metering, financial solvency, consumption-based
tariffs, and legal status (Borja-Vega et al., 2017). In Espiríto Santo, Brazil, eleven community-managed
systems were evaluated using SIASAR and the results showed that communities and systems scored
higher than service providers; the researchers concluded that all communities could maintain acceptable
levels of functionality, but that the lack of a continuous and systematic technical assistance provider was a
major threat to sustainability (Muniz Machado et al., 2020).
Two studies used SIASAR data to develop Bayesian networks – a systems thinking tool. PerezFoguet and team (2017) provided a systematic methodology for Bayesian network construction of Water
and Sanitation Performance (WSP) Index scores and used Nicaragua data as a case study. They describe
the usefulness of the network for making informed choices between alternative actions and general sector
planning as tests can be done to increase scores of dimensions and analyze impacts on the WSP score
(Pérez-Foguet et al., 2017). Cronk and Bartram (2018) developed Bayesian networks for Honduras,
Nicaragua, and Panama to explore variables that influence 24-hour water service. They found that the
main drivers of discontinuity were infrastructure quality, availability of external technical support, and
available rehabilitation funds (Cronk & Bartram, 2018).
2.7 Conclusions and Knowledge Gaps
While community-management is a dominant water delivery method in international
development, it has well-documented problems with long-term sustainability (Chowns, 2015; Paul
Hutchings et al., 2015; Sara & Katz, 1997; Schouten & Moriarty, 2003; Whittington et al., 2009). There
have been studies that have evaluated the sustainability of community-managed water systems (Chowns,
2015; Paul Hutchings et al., 2015; Schweitzer & Mihelcic, 2012; Whittington et al., 2009), including
research conducted by previous students in this research group that took place in Central and South
America (Galicia, 2019; Mangum, 2017; Schweitzer, 2013; Suzuki, 2010). In these studies, the
researchers in our group have looked at factors influencing sustainability but not the interconnections
between the factors or the feedback that factors may have on each other. In fact, this seems to be a
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common knowledge gap, as an extensive literature review of systems thinking approaches in the WASH
sector found the same need for more studies looking into “interactions or relationships between factors”
(Valcourt, Javernick-will, Walters, & Linden, 2020). Furthermore, tools and frameworks have been
developed to assess sustainability, but they have only been applied at one point in time (Galicia, 2019;
Schweitzer, 2013). Another limitation of research conducted by our group related to communitymanagement is neglecting the influence of gender and ethnicity on community dynamics (Galicia, 2019;
Mangum, 2017; Schweitzer, 2013; Suzuki, 2010).
While there have been systems thinking research studies conducted that have evaluated factors
influencing the sustainability of rural water systems (Cronk & Bartram, 2017; Valcourt, Walters, et al.,
2020; Walters & Javernick-Will, 2015a, 2015b), there were no published studies found that specifically
evaluated community-managed water systems using a systems thinking approach. Most of the WASH
case studies examined in Section 2.4 used systems approaches to study rural water systems – which are
often community-managed – but none of the studies had the explicit objective of examining the system
structure, problems, or factors of community-management. As demonstrated throughout this chapter, a
system approach would be valuable to study community-managed water systems because they are
complex systems composed of technical, social, environmental, managerial, and financial parts that
evolve and demonstrate emergent behavior over time.
The literature shows that five systems approaches have been applied to solve WASH problems.
At a more conceptual level, Meadow’s framework for leverage points can be used to see where to
intervene in the system or system archetypes can be used to frame problems within the system and find a
path forward (Braun, 2002; Kim & Lannon, 1997; Meadows, 1999). Furthermore, balancing loops could
be built into the system to attenuate reinforcing behavior that leads to exponential and unsustainable
growth or decay in the system (Hjorth & Bagheri, 2006). As a more quantitative approach, stock-flow
modelling can be used to identify the most sensitive parameters and leverage those for developing and
simulating strategies (Prouty, 2018; Sterman, 2000). Strategy-testing or testing of hypotheses by

35

manipulating variables can be conducted using stock-flow modelling or agent-based modelling (Chen &
Pollino, 2012; Prouty, 2018).
SIASAR, which is still a relatively new monitoring tool, is a valuable database for information
regarding coverage and sustainability of rural water and sanitation systems in Latin America and the
Caribbean. While the data has been used in regional planning and investment, there is still a need to
understand the factors that contribute to the sustainability of rural WSS services and how to attain higher
service levels (Rodriguez et al., 2017). The analysis of SIASAR data using a systems perspective would
enable quantitative and larger scale analysis of factors that influence sustainability, as most studies in
Latin America have been small-scale and relied on mostly anecdotal evidence (Borja-Vega et al., 2017;
Cronk & Bartram, 2018).
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Chapter 3: Methods
3.1 Study Locations
The study locations for this research are the countries Bolivia and Colombia (Figure 3.1). The
following paragraphs will detail characteristics and development metrics for each country, including
population size and distribution, GDP per capita, poverty levels, and safe water and sanitation coverage.
Bolivia is one of the poorest countries in Latin America and the Caribbean, scoring fourth for lowest 2019
GDP per capita (World Bank, 2021). While both countries have made marked strides towards better
coverage in both drinking water and sanitation, Bolivia has lower rates of coverage, especially in
sanitation.

Figure 3.1: Study Locations of Bolivia and Colombia
Bolivia is a South American landlocked, resource rich country with an estimated population of
11.6 million people, of which 70% are urban and 30% are rural. It has a significant indigenous population
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(20%), primarily Quechua or Aymara. While Bolivia has significant natural resources, it is one of the
least developed countries in the Latin American region due to historic policies that have inhibited
investment; Bolivia also has the highest income inequality in Latin America and an estimated GDP per
capita of $7,600 with 36.8% of the population living below the poverty line (CIA, 2020a). With regards to
water supply and sanitation (WSS), basic drinking water services have increased from 79.5% to 92.9%
and sanitation access has increased from 34.5% to 60.7% from 2000 to 2017. Like most developing
countries, there is a distinct gap in services from urban to rural: in 2017, 99.4% of urban residents had
basic drinking water compared to 78.1% of rural residents, likewise 71.7% urban to 36.1% rural for
sanitation services (JMP, n.d.). Bolivia also ranks at or near the bottom in the region for several health
and development measures including poverty, education, fertility, malnutrition, mortality, and life
expectancy rates (CIA, 2020a).
Colombia is a northern South American country amid a demographic transition as a result of
increased literacy, family planning, and urbanization. The estimated population of 49.1 million (81.4%
urban; 18.6% rural) is primarily mestizo or white (88%) with low percentages of Afro-Colombian (6.8%)
and indigenous peoples (4.3%). The GDP per capita is $14,400 and 27% of the population lives below the
poverty line. Colombia suffers from one of the worst income inequalities in the world and economic
development is often hampered by immigration/emigration, inadequate infrastructure, poverty,
narcotrafficking, and uncertain security situations (CIA, 2020b). Compared to Bolivia, Colombia has
much higher water and sanitation coverage. From 2000 to 2017, safe drinking water has increased from
90.9% to 97.3% and sanitation from 71.6% to 89.6%; however, there is still a gap in services from urban
to rural, as rural residents have lower rates of coverage (water: 86.5%; sanitation: 76.2%) than urban
residents (water: 99.9%; sanitation 92.9%) in 2017 (JMP, n.d.).
3.2 Data Source
The research conducted in this study makes use of survey data from SIASAR. The data were
accessed publicly from the SIASAR organization website (www.data.globalsiasar.org) and processed
using Microsoft Excel, Microsoft Access, and R version 4.0.2 (www.rstudio.com). The data available on
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SIASAR’s website can be evaluated using the Dashboard tool, which shows summary statistics, maps,
and figures for the region or a specific country, or downloaded from the website in spreadsheets
containing the survey data for the selected countries community, system, service provider, and technical
assistance survey data. The survey data used in this study for Bolivia and Colombia were accessed in
October 2020.
After accessing the data, the system, service provider, and community survey data tables were
imported into Access and codes were assigned to each variable or column using the list of questions for
the survey and basic translation to English. The technical assistance provider data is outside the scope of
this study; this data was not used because there was either not enough data available for each country or
there were no linking ID’s or variables to connect the data to the other surveys.
Next, the data for each country was imported into R and further cleaned by the following steps.
The three surveys were merged using the Service Provider Name, which was selected because the
variable was included on each survey and the ID’s assigned by SIASAR did not match up and did not
appear to be assigned based on an overall system with corresponding communities served and the service
provider. The merged data was then filtered by the service provider type, which had to be communitymanagement or Asociación/Organización comunitaria. The number for Bolivia is 759 and for Colombia
is 3,527. Finally, two new columns were created for the dataset: system age and water performance index.
The system age was calculated through the difference between the survey date and the year the system
was built. The following section will discuss how the water performance index was calculated.
3.3 Defining Performance and Target Performance Levels
As evidenced from Chapter 2, the RWSS sector needs to shift the focus from the construction of
new technology and water systems to the improvement of service levels and sustainability of services.
When considering the overall goal of the research, the definitions of service level, sustainability, and
capacity in the RWSS sector were considered because these terms are often used interchangeably. The
IRC defines service levels as a function of the service that users receive with respect to water quality,
quantity, reliability, and accessibility (Smits, 2014). JMP uses similar metrics to quantify service levels
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along the drinking water service ladder (ranging from safely-managed to unimproved) and SIASAR
classifies service levels on a scale of A to D (Conceptual Model SIASAR 2.0, 2016; JMP, n.d.). Schouten
and Moriarty (2003) state that sustainability is achieved when service levels do not “revert to structurally
lower levels of quantity and quality” and involve the system being maintained over natural lifetime then
upgraded or replaced. Capacity can be defined as the organizational and technical abilities of groups that
enable them to carry out functions and achieve development objectives (P. Morgan, 1998).
The term “performance” was selected for the sake of clarity and to capture the elements of service
level, sustainability, and capacity. Performance is a composite measure of the Water Performance Index
(WPI), which is a function of the water service level, state of water system infrastructure, and the state of
the provisional structure. The performance directly measures service levels, the state and sustainability of
the infrastructure at the survey date, and the capacity of the service provider to address problems through
its provisional structure.
Because the SIASAR conceptual model measures components that are beyond the scope of this
study (i.e. sanitation and hygiene service levels, technical assistance, schools and health centers), the
existing approach (Figure 3.2) was adapted into a new conceptual approach (Figure 3.3) to measure
performance of the water system. SIASAR’s conceptual approach uses the structure shown in Figure 3.2
to aggregate indices, which are normalized and scored on a scale of 0 to 1. The blue indices are
aggregated through a geometric mean and the green dimensions are aggregated through an arithmetic
mean of their indicators. The Water Service Level (WSL) and Sanitation and Hygiene Service Level
(SHL) score are primarily based on the community survey, while the Water System Infrastructure (WSI)
and Service Provision (SEP) are based on the system and service provider surveys, respectively. It is also
worthwhile to note that the Spanish and English versions of the SIASAR conceptual model show slightly
different structures: the English version includes the School and Health Centers (SHC) dimension and the
Technical Assistance Provision (TAP). As previously mentioned, the structure in Figure 3.2 will not be
used because not all communities have a school or health center, sanitation and hygiene are outside of the
scope, and technical assistance provision will not be considered.
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Figure 3.2: SIASAR 2.0 Structure for Aggregation
Because the final index for SIASAR considers sanitation and hygiene, a new index was created to
only consider dimensions and indicators relating to water provision. The overall index to measure
performance is the Water Performance Index (WPI). As seen in Figure 3.3, the WPI is an index calculated
by a geometric mean of the WSL, WSI, and SEP. The gray indicators are aggregated into the dimensions
by an arithmetic mean. As previously discussed, community-managed water systems are composed of
technical, social, environmental, managerial, and financial components. The indicators included in the
WPI account for the infrastructure status (technical), organization of the service provider (social),
management of environmental resources (environmental), provision of operation and maintenance
(managerial), and the economic management (financial). Furthermore, the components of the Water
Service Level dimension can be related to the Joint Monitoring Programme’s metrics for a safelymanaged water source being accessible, available when needed, and free from contamination (JMP, n.d.).
The WSL correlates to these conditions by measuring the accessibility, continuity and seasonality
(availability), and water quality of the system. Further explanation of what each SIASAR indicator and
dimension means is found in Appendix A or in the SIASAR Conceptual Model 2.0 document.
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Figure 3.3: Water Performance Index Structure using SIASAR 2.0 Components
The next question is defining what the target performance, or WPI score, should be. For the letter
scoring or classification in SIASAR, a “A” or “B” score is considered good or acceptable condition
(Rodriguez et al., 2017). As reviewed in Chapter 2, there are two options for assigning numeric ranges to
the scores: equal intervals or different intervals. This study will employ different intervals because the
classification currently used by SIASAR based on different intervals set more narrow thresholds for A
and B classifications that “facilitate the definition of higher service levels” (Conceptual Model SIASAR
2.0, 2016). Because the goal of facilitating higher service levels aligns with this study’s goal of improving
performance, different intervals is a better choice to raise the bar for what classifies as acceptable and
optimal performance. Based on the usage of different intervals, the target WPI threshold score was set by
the author as 0.70, which corresponds to an A or B SIASAR classification. The SIASAR classification of
A or B (WPI > 0.70) corresponds to the community having an acceptable level of service and the capacity
to resolve breakdowns and issues in the system without external assistance.
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3.4 Model Development
The model development process followed the steps laid out by John Sterman in his book Business
Dynamics: Systems Thinking and Modeling for a Complex World (2000). The steps for the modeling
process are as follows: (1) Problem Articulation, (2) Formulation of Dynamic Hypothesis, (3)
Formulation of a Simulation Model, (4) Testing, and (5) Policy Design and Evaluation (Sterman, 2000).
A key point that Sterman (2000) emphasizes is to always model the problem rather than the system.
First, the problem is articulated by selecting the theme, identifying key variables, setting a time
horizon, and developing a reference mode. The theme selection involves identifying what the problem is
and why it is a problem. The time horizon should consider how far back and how far into the future
should be considered and should be set several times longer than the longest time delay in the system. The
reference mode is the dynamic problem characterization that shows how the pattern of behavior unfolding
over time, how the problem arises, and how it may evolve in the future (Sterman, 2000). The theme
“Performance of Community-Managed Water Systems” was identified based on reviewing the literature,
past research in our group (discussed in Chapter 2), and sectoral knowledge about needs in Latin
America. The time horizon was set to capture the oldest surveyed systems in each country (Bolivia: 70
years; Colombia: 100 years), and the time step for both models was set to 0.25 years. The reference mode
was developed by plotting the average index score versus the system age. Each data point represents the
average index score for all surveyed systems of that system age. A trend line for the data was also
graphed using the R function “Loess Regression”, which uses a least squares regression in localized time
sets to fit trend lines for volatile time series. Because most SIASAR member states have only surveyed
each community once, the reference mode and model will give a picture of overall trends for each
country, rather than specific systems or regions. Therefore, the reference mode gives a generalized picture
of what happens in a “typical” rural community-managed water system in each country over the lifetime
of the system. This stage of the modeling process corresponds to Objective 1 (Chapter 1).
The next step is to formulate a dynamic hypothesis, which is a working theory of how the
problem arose. This is done through initial hypothesis generation, formulating a dynamic hypothesis with
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an endogenous focus, and mapping the causal structure based on the problem articulation and dynamic
hypothesis using model boundary diagrams, causal loop diagrams, stock and flow maps, or other tools
(Sterman, 2000). For the initial hypothesis generation, a literature review was conducted to identify
current theories of the problematic behavior (Task 2a). Next, the information sources (or components) for
each SIASAR dimension were identified (Table A.1) and connections between each component were
identified based on the literature, a mass balance, or personal experience or knowledge (Table A.2). To
verify the relationships that were based on experience or common knowledge, two former Peace Corps
volunteers and Engineering for International Development (Manser et al., 2015; Mihelcic, Cannon,
McAlister, & Nenninger, 2020) alumni were consulted to verify the relationship with their experience in
the field; these individuals served in Panama and Peru. This stage corresponded to Task 2b. Finally, the
dynamic hypothesis was mapped using a stock and flow map (Task 3a).
Third, the researcher/modeler formulates a simulation model, which in this case was a stock-flow
diagram created using Vensim PLE 8.0.9 Software (www.vensim.com). This step, which corresponds to
Task 3b, was an iterative process. It involved specifying system structure and decision rules as well as
estimating parameters, behavioral relationships, and initial conditions of the model.
Next, the model was tested using three tests: historical behavior (reference mode), extreme
conditions, and sensitivity analysis (Task 3c). The historical behavior test compares the simulated
behavior of the model to the actual behavior of the system (or the reference mode that was generated
previously). The reference mode test was conducted by comparing the calibrated Water Performance
Index simulation to the reference mode subjectively and via two statistical tests - r2 and mean squares
error (MSE). The model was tested for robustness under extreme conditions, by testing conditions that
may never be observed in the real world to see if the model behaved realistically. Finally, the sensitivity
analysis was conducted to understand how the model behaved with uncertainty in parameters, initial
conditions, and model boundaries (by varying those parts of the model). The sensitivity analysis involved
varying the values of variables in the model to understand how the model responded to uncertainty and to
determine which variables effect the greatest change in the model.
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The final step was policy design and evaluation, corresponding to Tasks 4a and 4b. The policies
were designed by considering what decision rules, strategies, and structures could be tried in the real
world and translating how those could be represented in the model. The most sensitive variables from the
sensitivity analysis were also considered to leverage the highest-impact policies. After formulating
different policies, a “What if” analysis was conducted by implementing those changes into the model and
simulating the effects of the policies and if the policies interact with any synergies or compensatory
responses (Sterman, 2000).
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Chapter 4: Results and Discussion
This chapter presents the results from the study methods and analysis described in Chapter 3. It
will be organized in sections according to the objectives of the study. First, the current performance of
rural CMWS in Bolivia and Colombia will be presented and discussed using the reference mode and
descriptive statistics compiled from SIASAR data. Next, the contributing factors that influence higher
performance will be presented and discussed. Then, the system dynamics model for system performance
in both study locations will be presented, along with the model tests. Fourthly, the formulated policies and
strategies to improve performance will be presented, along with model simulations, and discussed. The
chapter will conclude with a discussion of research limitations.
4.1 Current Performance of Rural CMWS
4.1.1 Descriptive Statistics and Reference Mode for Bolivia
The data cleaning methods described in Section 3.2 resulted in 759 entries for communitymanaged water systems in Bolivia. These systems were in primarily indigenous communities (67%),
consisting of Aymara and Quechua peoples, and around one third of the communities were mestizo
(33%). The average year the systems were built was 2003, with a range from 1950 to 2018. The systems
served an average population of 206 with around 62 households per system. Most systems were served by
surface water sources (67%) and the technology scheme was primarily gravity flow (74%) or electrical
pump (24%). The average daily length of service was 20.7 hours per day.
With regards to management and financial indicators, only 11% of the systems had a legalized
water committee and 75% of systems had all board positions filled. The average water committee met 2.9
times in the past six months prior to the survey date and had an average of 0.56 women on the committee.
Only 38% of the service providers had conducted both preventive and corrective maintenance in the past
year. Most systems had a fee payment mechanism in place (75%), but only 5.9% of systems had a bank
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account or accountability mechanism. Less than ten percent of the systems had tariff rates based on water
consumption. Around half (56%) of the systems had available funds at the time of the survey. These
statistics can be found in Table B.1.
With respect to the performance of the water system (WPI), none of the 759 systems scored in the
A range at the time of survey date. Around nine percent of the systems had a B score, with the vast
majority scoring within the C or D range (Figure 4.1). The SIASAR classifications for Bolivian systems
skew towards the C or D range, regardless of the age of the system. As depicted in Figure 4.2, the survey
date versus percentage of systems is telling of the current problem in Bolivia. After 30 years, nearly all of
the systems score in the C or D range, meaning that operation of services is inadequate and external
support is needed to solve the problem. Furthermore, systems less than 5 years old do not have fully
functioning water systems. While the behavior shows the expected trend of the percentage decreasing in
the A or B category and the percentage increasing in the C or D category as the system ages, the low
percentage (and number) of CMWS in the A or B category in newer systems is concerning.

Figure 4.1: Distribution of Water Performance Index Scores for Overall Systems and Younger Systems
by SIASAR Letter Classification in Bolivia
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The reference mode for the performance of the water systems in Bolivia is depicted in Figure 4.3.
The overall trend in the WPI for Bolivia decreases as the system ages and notably stays under the target
performance (WPI > 0.70). The components of the WPI – WSI, WSL, and SEP – stay relatively constant
over the time horizon of 70 years. While there are marked changes in the WSL and WSI after 50 years,
this change may not be as representative due to the limited number of data points (and number of
surveyed systems) older than 50 years. The lowest scoring component in Bolivia is the state of the service
provider, which ranges from 0.3 to 0.4 (scoring in the C or D category range). The poor State of Service
Provision is confirmed by the descriptive statistics, as most systems are not legalized, have poor gender
balance, lack financial accounting mechanisms, and rarely perform preventive and corrective
maintenance.

Figure 4.2: Percentage of Community-Managed Systems by Water Performance Index SIASAR
Classification Versus System Age for Bolivia
4.1.2 Descriptive Statistics and Reference Mode for Colombia
The current performance for the 3,527 community-managed systems in Colombia will be
explored through descriptive statistics and the reference mode. Unlike Bolivia, most systems were in
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mestizo communities (50%), with 13% in indigenous communities, 4.8% in afro-Colombian or negritude,
and 32% unspecified ethnicity. The Colombian systems are much older with the average year built being
1989, with a range from 1920 to 2019. They also serve larger populations with the average system serving
1,200 people with around 300 households per system. Like Bolivia, most systems are served by surface
water (85%). The vast majority of water schemes were gravity flow (94%) and ten percent were served by
an electric pump. The average number of service hours was slightly higher than Bolivia: 21.2 hours per
day.

Figure 4.3: Reference Mode of Water Performance, Water Service Level, Water System Infrastructure,
and Service Provider Indices Versus System Age for Bolivia
The management and financial indicators for Colombian systems were more promising than
Bolivia. The majority of water committees are legalized (71%) and have all board positions filled (85%).
The water committees typically met an average of three times over the course of six months and had an
average of 1.6 women per committee. More than half (63%) conducted preventive and corrective
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maintenance in the past year. Most systems had both a fee payment mechanism in place (88%) and a bank
account or accountability mechanism (66%), while 14% of systems had tariffs based on consumption
(rather than flat fee). More than half (67%) of systems had available funds at the survey date. A summary
table of descriptive statistics can be found in Appendix B.
The distribution and behavior of CMWS in Colombia varies greatly from Bolivia, with the
distribution of WPI scores resembling more of a normal distribution (Figure 4.4). Most of the systems
score in the B or C range. Colombia has a greater percentage of systems in the A classification (4.5%).
However, none of these high scoring systems were newly constructed with a system age less than ten
years. Looking at systems under ten years across all four categories, a high percentage score is in the C or
D range, perhaps due to poor project implementation, disinvestment, or other factors in the last decade
(Figure 4.5). The trend in the A category is as expected otherwise, decreasing over time, but the
percentage of systems in B category increase over the system life. The percentage of systems in Category
C follows the expected trend of increasing as system ages. However, the trend in category D does not
follow this same expected trend. Interestingly, younger Colombian CMWS are performing worse than
older systems, as seen by the skew towards C or D classification in systems with age less than 10 years
and the low percentage in the B classification. Overall, most of the systems score in the B or C range,
meaning that repairs are needed to ensure adequate performance and could likely be resolved without
external help.
The reference mode for Colombia is depicted in Figure 4.6. The WPI ranges from 0.3 to 0.6, with
a general increase in performance over the system age. This behavior affirms the trend of lower
performance levels in the early years of the systems. For all components of the WPI, the scores increase
over the first twenty years and then stay relatively constant for the duration of the service life. In contrast
to Bolivia, the state of the service provider is higher, as most systems are legalized and have improved
gender balance, financial accountability mechanisms, and perform preventive and corrective maintenance.
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Figure 4.4: Distribution of Water Performance Index Scores for Overall Systems and Younger Systems
by SIASAR Letter Classification in Colombia

Figure 4.5: Percentage of Community-Managed Systems by Water Performance Index SIASAR
Classification Versus System Age for Colombia
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Figure 4.6: Reference Mode of Water Performance, Water Service Level, Water System Infrastructure,
and Service Provider Indices Versus System Age for Colombia
4.2 Factors that Contribute to Higher Performance
Corresponding to the initial hypothesis generation stage of the model development process, the
literature review of this thesis (Chapter 2) was re-consulted to understand current theories of what
contributes to higher performance of community-managed water systems. There were six factors
identified: (1) cost sharing and financial management, (2) operation and maintenance, (3) service provider
capacity, (4) long-term support, (5) ownership and community perception, and (6) involvement of
women. These will be explained in Section 4.2.1. Next, connections between each SIASAR component
were identified by the author based on literature, mass balance, personal experience, and the experience of
two alumni. These connections are found in Appendix A and discussed in Section 4.2.2.
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4.2.1 Higher Performance Factors from Literature
Many studies found that a driver for discontinuous service was poor cost sharing rules (Sara &
Katz, 1997), low tariff pricing or collection (Chowns, 2015; Lockwood & Smits, 2011; Sara & Katz,
1997; Schouten & Moriarty, 2003), and lack of available funds for rehabilitation (Cronk & Bartram,
2018). For the second factor, slow or sub-standard repairs, lack of preventive maintenance, and lack of
supplies or supply chain for spare parts was a barrier to high performance (Chowns, 2015; Lockwood,
2004; Sara & Katz, 1997). Relating to both economic management and maintenance provision, the
capacity of the service provider to detect and respond to problems is another important factor (Chowns,
2015; Hutchings et al., 2015; Lockwood, 2004). Long-term support is an undisputed factor that is
essential for high, sustained performance of CMWS; many studies have found that communities simply
do not have the capacity to manage systems alone (Lockwood, 2004; Schouten & Moriarty, 2003) and
that the lack of technical assistance provision threatens sustainability (Borja-Vega, Pena, & Stip, 2017;
Cronk & Bartram, 2018; Muniz Machado et al., 2020). Again, long-term support is beyond the scope of
this study due to the lack of available SIASAR data related to technical assistance providers.
The last two factors are more related to community dynamics than service provision. Often the
ownership and community perception of the system can influence the performance. This is related to gaps
in perceptions or expectations of the community that can influence buy-in, i.e., from poor communication
or project design at the start (Sara & Katz, 1997). Furthermore, poor community dynamics, cohesion, or
legal status influence sustained high performance (Borja-Vega et al., 2017; Lockwood & Smits, 2011;
Schouten & Moriarty, 2003). Finally, active participation and leadership of women on water boards is
important for higher performance (Elias, 2017; Figueiredo & Perkins, 2013; Kevany & Huisingh, 2013;
Mandara, Niehof, & van der Horst, 2017; Rodriguez & Weiss, 2016; Schouten & Moriarty, 2004).
4.2.2 Connections Between SIASAR Components
The current approach to quantifying the performance of each component of a CMWS – Water
Service Level, Water System Infrastructure, and Service Provision – by SIASAR is linear. For example, if
maintenance provision improves then the State of Service Provision improves thereby increasing the
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Water Performance Index. However, this linear approach does not consider the reality that improved
maintenance provision improves the state of the system infrastructure, which should improve the water
service level. Therefore, the net increase in the overall performance of the system should be higher.
Aligning with Objective 2 and Task 2b, the relationships or connections between each SIASAR indicator
was identified via methods described in Section 3.4. This information can be found in Table A.2.
There were 38 indicators or variables identified from SIASAR, of which five (Population,
Climate Change Impacts, User’s Willingness to Pay, Positive Perception of System Reliability, and Drive
or Incentive) were added for clarity and to reflect some important factors from the literature. Four of the
added variables are not directly defined or measured by SIASAR, but one of the variables – population –
is measured through the SIASAR process but is not a direct indicator for the components. There were 82
connections identified among the 38 variables. The variables for Service Provision influence many other
Service Provision variables, indicating some feedback mechanisms, and greatly influence the state of the
infrastructure and the water service level.
The top three influencing variables are maintenance provision (N=11), organizational capacity
(N=8), and economic management (N=6). The top four influenced variables are maintenance provision
(N=8), service hours (N=5), economic management (N=5), and environmental management (N=5). Two
of the most influenced variables – maintenance provision and economic management - align with two of
the most dependent factors (financing and operations and maintenance) from a study on critical WASH
sustaining factors in Sub-Saharan Africa (Valcourt, Walters, et al., 2020). Overall, these results align
relatively well with important factors from the literature, as improved maintenance, capacity, and
financial management lead to improved performance. Interestingly, environmental management was not
one of the most important factors emerging from the literature, but this will likely grow in importance as
communities grow and impacts of climate change worsen.
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4.3 System Dynamics Model of System Performance
4.3.1 Basic Model Structure
When considering the system and structure of Performance of Community-Managed Water
Systems, an endogenous focus chart was developed to identify key variables (Table 4.1). The basic model
structure for the stock-flow model is the same for each study location (Figure 4.7). It consists of three
stocks – State of Water System Infrastructure, Water Service Level, and State of Service Provider – which
have inflows from an improvement rate and outflows from a degradation rate. The three stocks tie-in to
the variable Water Performance Index, which is calculated as a geometric mean of the three stocks. The
three stocks and index variable all range from a minimum value of 0 to maximum value of 1, to reflect the
normalized values of SIASAR. The improvement and degradation rate change the value of each stock
over the lifetime of a community-managed water system. The following sections will describe the
development of dynamic hypotheses, parameterization of the models, and model tests for each study
location.
Table 4.1: Performance of Community-Managed Water Systems Endogenous Focus Chart
Endogenous
Exogenous
Excluded
State of Water System
Population
Involvement of Women
Infrastructure
Water Service Level
Climate Impacts
Ethnicity
State of Service Provider
Source Flow Availability
Long-term Support
Water Performance Index
Consumption
Service Hours
Available Funds
Aging of Infrastructure
Environmental Management
User’s Willingness to Pay
Disinterest or Migration
Economic Management
Legalization Process (Colombia)
Maintenance Provision
Capacity of Service Provider
Income
Expenses
4.3.2 Bolivia Model
The overall dynamic hypothesis for the Bolivia model is summarized in the causal loop diagram
in Figure 4.8. The behavior over time is primarily driven by two feedback loops and two linear decreases.
The first reinforcing loop (R1) demonstrates the connections between the three SIASAR dimensions and
the time delay of the influence on the WSL by the WSI. The reinforcing loop aligns with previous
55

findings for the most dominant feedback mechanism in rural water infrastructure being the loop between
water system functionality, community, financial, and management (Walters & Javernick-Will, 2015a).
Without the intervention of Maintenance Provision from the balancing loop (B1), the behavior from R1
would be exponential decay. The balancing loop (B1) indicates the relationship between Maintenance
Provision and Available Funds, where increased funds allow maintenance to be conducted and conducted
maintenance provision decreases the amount of available funds. The two linear decreases from aging and
disinterest or migration account for the decrease of both the infrastructure and service provider as the
system ages. The time horizon for the model spanned from 0 to 70 years, with a time step of 0.25.

Figure 4.7: Basic Stock-Flow Model Structure for Performance of Community-Managed Water Systems
4.3.2.1 Water System Infrastructure Sub-Model
The dynamic hypothesis for the behavior of the Water System Infrastructure over time is that the
WSI will improve due to periodic maintenance and degrade due to aging of the infrastructure. This should
result in oscillatory behavior as the WSI decreases due to aging and increases due to conducted
maintenance. Based on the relationships identified in Task 2b, the following variables were created to
describe the maintenance provision: Preventive Maintenance Provision, Corrective Maintenance
Provision, and Repair Quality. The Repair Quality was an intermediate variable created to describe the
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connection between State of Service Provider and Maintenance Provision: as capacity of Service Provider
improves, the quality of the maintenance will improve.
The basic structure for the WSI sub-model is as follows. The behavior is driven by one
reinforcing loop, one balancing loop, and the decay of the WSI due to aging. The first feedback loop is
the reinforcing behavior between the State of WSI, WSI Improvement Rate, and WSI Improvement that
leads to the increase in WSI. The second feedback loop is the balancing behavior between the State of
WSI, Corrective Maintenance Provision, Delayed Impact of Repair, WSI Improvement Rate, and WSI
Improvement that results in a goal-seeking oscillatory behavior of starting maintenance provision once
the WSI decays to the trigger level. The trigger level represents the value of the State of Water System
Infrastructure that triggers maintenance to be conducted, which is a mathematic representation of the
service provider’s capacity to detect and address problems. The sub-model structure is depicted in Figure
4.9, and the calibration specifics are shown in Table C.1.

Figure 4.8: Overall Dynamic Hypothesis Causal Loop Diagram of Performance of Community-Managed
Water Systems in Bolivia

57

4.3.2.2 Water Service Level Sub-Model
The dynamic hypothesis for the Water Service Level is that the WSL will improve or degrade in
response to changes in the WSI. This encompasses the connections between maintenance provision,
production infrastructure, treatment, and system autonomy on service hours and water quality (Table
A.2). To account for how population growth and climate influences source water flow, a second stock
was created for the population served. The theoretical demand was calculated using the SIASAR per
capita consumption (80 L/day/person). The variable “Demand > Flow” is a binary variable to account for
the impact of demand and water availability on the WSL.

Figure 4.9: State of Water System Infrastructure Sub-Model for Performance of Community-Managed
Water Systems in Bolivia
The WSL behavior is driven by the two feedback loops, the reinforcing WSL Improvement Rate
loop and the balancing WSL Degradation Rate loop. The improvement and degradation rates are driven
by the behavior trends of the WSI, delayed by one year. This corresponds to the dynamic hypothesis
where the WSL will improve as the WSI improves due to maintenance provision and the WSL will
degrade along with the WSI due to aging. The degradation of the WSL will also accelerate if the demand
for water exceeds the flow, either due to changes in source flow or increased demand. The sub-model
structure is depicted in Figure 4.10, and the calibration specifics are shown in Table C.2.
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4.3.2.3 State of Service Provider Sub-Model
The dynamic hypothesis for the State of Service Provider is that the primary mechanisms
influencing behavior were Economic Management and Maintenance Provision. The degradation rate
accounts for the decrease in SEP due to migration, low knowledge transfer, and disinterest. To account
for changes in Economic Management, a second stock was added: Available Funds. The Available Funds
stock accounts for the income due to tariffs collected from the population served and extra income
sources and expenses due to operation, management, environmental services, and conducted maintenance.
Similar to the WSL sub-model, the variable “Profitability Impact” influences the SEP Improvement and
SEP Degradation Rates based on whether the Service Provider is improving or decreasing their
profitability year to year. The sub-model structure is depicted in Figure 4.11, and the calibration specifics
are shown in Table C.3.

Figure 4.10: Water Service Level Sub-Model for Performance of Community-Managed Water Systems in
Bolivia

59

Figure 4.11: State of Service Provider Sub-Model for Performance of Community-Managed Water
Systems in Bolivia
4.3.2.4 Bolivia Model Testing
Three tests were conducted on the Bolivia Model: (1) Comparison to Reference Mode, (2)
Extreme Conditions, and (3) Sensitivity Analysis. The Comparison to Reference Mode test was
conducted in an iterative fashion by varying the constants in the improvement and degradation rates and
time delays to approximate the behavior in the reference mode. The calibration for the reference mode
can be found in Tables C.1, C.2, and C.3. It should be noted that parameters with sources are set based on
those values, and the other coefficients and values were set to match the data. The results of the final
calibrated simulation are depicted in Figure 4.12. To verify that the model passed the reference mode test,
the WPI model was compared to the WPI data and passed the visual, subjective test of simulating the
WPI data (Figure 4.13). Next, the model was statistically tested using Theil’s Inequality Statistics; the
model was deemed fit enough because the means square error (MSE) was 3.5%, which is lower than 10%
(Sterman, 2000).
While the behavior of the simulation varies from the reference mode in the last 20 years of the
simulation, the data may not be representative of real trends due to the low number of surveyed systems
aged 50 to 70 years. The reference mode for Bolivia (Figure 4.3) shows in increased trend in years 50 to
70 for the WSI and SEP. However, this is likely not representative of trends in reality based on the
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behavior from the first 50 years and that only two systems aged greater than fifty years were surveyed,
accounting for less than one percent of the total surveyed systems in Bolivia. With this in mind, the model
captures the behavior trends of the first fifty years quite well.

Figure 4.12: Bolivia Model Simulation for Water Performance Index, State of Water System
Infrastructure, Water Service Level, and State of Service Provider

Figure 4.13: Water Performance Index Reference Mode Test for Performance of Community-Managed
Water Systems in Bolivia Model
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The next two tests conducted were Extreme Condition testing and a Sensitivity Analysis. The
purpose of the Extreme Condition testing is to see if the model behaves realistically when stressed by
extreme conditions. Three extreme conditions were tested: extreme drought occurrence, increased water
consumption, and lack of income. The drought occurrence test was implemented by manipulating the
variable “Drought Occurrence” to create a severe drought that would reduce the source water flow by
90% for ten years, starting at year 40. The increased water consumption test involved increasing the per
capita consumption (and theoretical demand) by a factor of ten (demand = 800 liters per capita per day)
starting at year 10. While the tested per capita consumption is unrealistically high, the extreme condition
test involves testing conditions that will likely not be observed in real world to determine if the model
responds as expected. The lack of income test was implemented by setting the monthly tariff and extra
income to zero.
The results of the three tests are shown in Figure 4.14. The drought test simulation was expected
to show decrease in performance at year 40, which is shown in the simulation. The increased consumption
test was expected to cause decreased performance starting at year 10. And, the no monthly income test
was expected to lead to model failure quickly, as no maintenance would be able to be conducted without
available funds. For each test, the model failed running for the duration of the time horizon, due to the
State of Water System Infrastructure stock becoming less than zero, which is below the stock’s lower
bounds. This behavior was expected as improvement in the WSI depends on available funds and service
provider capacity, which are influenced by changes in water service level (source flow and demand) and
annual income.
The Sensitivity Analysis was conducted to understand which parameters are most sensitive (effect
the most change in model behavior). The following variables were tested: (1) Monthly Tariff, (2) Extra
Income, (3) User’s Willingness to Pay (WTP), (4) Rural Population Growth Rate, (5) Source Flow, (6)
Trigger Level, (7) Cost of Preventive Maintenance, and (8) Cost of Corrective Maintenance. The changes
made to test the sensitivity and the results of the simulation can be found in Table C.4. The most sensitive
variables are the Monthly Tariff, Cost of Corrective Maintenance, User’s Willingness to Pay, and the
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Trigger Level. These sensitive variables correspond to the important factors identified from Objective 2
of financial management, operation and maintenance, community perceptions, and service provider
capacity, respectively.

Figure 4.14: Extreme Condition Test for Performance of Community-Managed Water Systems Model in
Bolivia
Three of the variable tests resulted in unexpected behavior. For the increased population growth,
the overall performance increased from the base mode. This is due to the increased population growth not
being high enough to influence system capacity and for demand to exceed flow; however, the higher
population leads to higher income from tariff collection, resulting in improved maintenance provision and
performance. The results for the simulation of No Extra Income, Lower Extra Income, and No User’s
WTP also behaved in a different fashion from expected. With these simulations, it was expected that no
or lower extra income would result in lower performance, but the performance in the last 10 years
exceeded the reference mode. Similarly for the No User’s WTP scenario, the model was expected to fail
prior to the Low User’s WTP scenario. Upon further inspection, the unexpected behavior is attributed to a
flaw in the model with the influence of expenses on the State of Service Provider and Maintenance
Provision. For all cases, the stock of Available Funds is enough to support the cost of corrective and
preventive maintenance but not the other expenses (operation, management, and environmental services).
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This reveals a flaw in the model as it does not account for the impacts on maintenance, service provider
capacity, and water quality when disinvestment in operation, management, and environmental services
occurs.
4.3.3 Colombia Model
The basic dynamic hypothesis for the performance of Colombia’s community-managed systems
closely resembles Bolivia (Figure 4.15). It is still largely driven by the reinforcing (R1) and balancing
(B1) loops that were described in Section 4.3.2. The main differences in behavior were from the poor
performance across the three indices in the first ten or fifteen years of the systems. To account for this,
more time delays were built into the system. Also, the increase in the state of the service provider during
the first ten years was hypothesized to be from a legalization process, as younger Colombian systems had
lower rates of legalization, accounting mechanisms, maintenance provision, etc. The time horizon for the
model spanned from 0 to 100 years, with a time step of 0.25.

Figure 4.15: Overall Dynamic Hypothesis Causal Loop Diagram of Performance of Community-Managed
Water Systems in Colombia
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4.3.3.1 Water System Infrastructure Sub-Model
Colombia’s sub-model representing the State of the Water System Infrastructure largely
resembles Bolivia’s, except for the addition of the variable “Delayed Response” and the changed
constants and rates. The behavior is still driven by the reinforcing and balancing feedback loops and
constant degradation as described in Section 4.3.2.1. The primary changes made involved implementing
more time delays, through the Vensim formula “DELAY FIXED” to delay the impact of maintenance
provision and the attenuating behavior from the reinforcing and balancing loops in the first ten to fifteen
years. The trigger level, which initiates corrective maintenance provision, was set at a higher level than
Bolivia, as the reference mode appears to oscillate around the value 0.7. The cost of maintenance
provision, coefficients that influence rate of improvement and degradation, and the lookup table for repair
quality were changed to reflect the SIASAR data and the behavior of reference mode. The sub-model
structure is depicted in Figure 4.16, and the parameterization specifics are shown in Table D.1.

Figure 4.16: State of Water System Infrastructure Sub-Model for Performance of Community-Managed
Water Systems in Colombia
4.3.3.2 Water Service Level Sub-Model
The sub-model structure for the Water Service Level is the same as the structure for Bolivia. The
changes made to the model for Colombia were to the constant values: Rural Growth Rate, Per Capita
Consumption, and the Median Source Flow. The growth rate was changed to Colombia’s average rural
population growth rate over the last 50 years (World Bank, n.d.). The source flow was calculated from the
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median value of all the Colombian systems from SIASAR data; the median was used instead of the mean
for Colombia, due to the large range of values and the variation between the median and mean. The submodel structure is depicted in Figure 4.17, and the parameterization specifics are shown in Table D.2.
4.3.3.3 State of Service Provider Sub-Model
The sub-model structure for the State of Service Provider is driven by largely the same structure
as the Bolivia structure, except for increased time delays, the addition of the variable “Legalization
Process,” and changes to the available funds’ flows. Along with delays built into the sub-model, the
hypothesis for the lower SEP index in the first ten years was that newer systems were not legalized or in
the process for legalization. This hypothesis was based on the managerial, financial, and system indicators
(i.e. number of women on board, available funds, accountability mechanism, maintenance provision, etc.)
being, on average, 25% lower than overall average descriptive statistics. Like the WSL sub-model,
median values for annual income, available funds, and annual expenses were used to be more
representative of the range of values. Instead of using the monthly tariff rate and different expenses like in
the Bolivia model, the total annual income and expense values were used from the ledger. This change
was due to the median tariff rates being unrealistically high ($7000/month), likely due to surveyor or data
input error. The annual income and expense is much greater than the Bolivian systems, due to the larger
size and greater complexity; therefore, the model will likely not be as sensitive to changes in economic
management parameters. The sub-model structure is depicted in Figure 4.18, and the parameterization
specifics are shown in Table D.3.
4.3.3.4 Colombia Model Testing
The Colombia Model was also tested via Comparison to Reference Mode, Extreme Conditions,
and a Sensitivity Analysis. Once the structure for each sub-model was changed, the coefficients and time
delays were manipulated in an iterative fashion to match the reference mode (Figure 4.6). The
parameterization specifics can be found in Appendix D, and the simulation results are depicted in Figure
4.19. It should be noted that parameters with sources are set based on those values, and the other
coefficients and values were set to match the data. To verify that the model passed the Reference Mode
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test, Theil’s Inequality Statistics were used to evaluate the MSE and r2 value (Figure 4.20). The model
passed the test, as the MSE was below the 10% threshold. The Colombia model was also a better fit to the
reference mode than the Bolivia model.

Figure 4.17: Water Service Level Sub-Model for Performance of Community-Managed Water Systems in
Colombia

Figure 4.18: State of Service Provider Sub-Model for Performance of Community-Managed Water
Systems in Colombia
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The second test completed was the Extreme Conditions test. The Colombia model was stressed
by the same scenarios as Bolivia: extreme drought, increased consumption, and no income. The results of
the simulation are depicted in Figure 4.21. The extreme drought test was expected to result in decreased
performance, starting in year 40, and the increased consumption test would lead to a decrease in
performance starting in year 10. The no income test was expected to lead to model failure, as systems
may be able to perform corrective maintenance a few times before running out of money. Unlike Bolivia,
the only extreme condition that resulted in model failure was the lack of annual income, and this model
failure came about five years later. This could be due to the model being less sensitive to changes in
income, as the Colombian users’ have higher WTP and the profitability margins are higher than Bolivia.
Therefore, decreased Water Service Levels do not have as big of an impact on income.

Figure 4.19: Colombia Model Simulation for Water Performance Index, State of Water System
Infrastructure, Water Service Level, and State of Service Provider
Ten variables were tested to determine which parameters resulted in the greatest change in
performance. The same eight variables tested for the Bolivia Model were tested, along with the two new
variables added to the Colombia Model – “Delayed Response” and “Legalization Process.” The changes
made to test the sensitivity and the results of the simulation can be found in Appendix D. The most
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sensitive variables were: Trigger Level, Legalization Process, User’s Willingness to Pay, and the Annual
Income or Expense. These sensitive variables correspond to the important factors identified from
Objective 2 of service provider capacity, community perception, and financial management.

Figure 4.20: Water Performance Index Reference Mode Test for Performance of Community-Managed
Water Systems in Colombia Model

Figure 4.21: Extreme Condition Test for Performance of Community-Managed Water Systems Model in
Colombia
69

Compared to Bolivia, the Colombian systems are less sensitive to changes in the maintenance
cost or changes in income or expenses. This can likely be attributed to the Colombian systems having
more funds and repairs not being constrained as much by financial aspects. The Colombian systems are
more sensitive to changes in demand and flow, probably due to the systems serving larger populations
and the longevity of the systems. For both study locations, User’s Willingness to Pay and the Trigger
Level were included in the most sensitive parameters. This reinforces findings from the literature
emphasizing the importance of user’s willingness (and ability) to pay and having a well-functioning
service provider that can detect and address problems in the system. Unlike the Bolivia model, the
Colombia model is highly sensitive to time delays, indicating that addressing the poor index levels
occurring in the early years of the systems would result in greatly improved performance.
4.4 Strategies to Improve Performance
4.4.1 Strategies for Bolivia Model
The important factors identified in Section 4.3 and the sensitive variables were leveraged into
three strategies to improve the performance of Bolivian rural CMWS. The three strategies are External
Support, Professionalization of the Service Provider, and Improving the Community’s Willingness to Pay.
The depiction of how the strategies influence the basic model dynamic hypothesis is depicted in Figure
4.22, with the strategy variables, connections, and loops indicated in green. The following paragraphs
will describe the rationale for each strategy, how they were simulated, and recommend the best solution.
It should be noted that the sensitive variable “Monthly Tariffs” was not selected as a leverage point for
any strategy. The average tariff seemed appropriate for the model and affordability for users was
considered more important.
The first strategy to improve performance is External Support. As previously discussed, longterm external support in the form of financial assistance and technical assistance is essential for
sustainability of community-management (Borja-Vega et al., 2017; Cronk & Bartram, 2018; Lockwood,
2004; Muniz Machado et al., 2020; Schouten & Moriarty, 2003). The global RWSS is moving the
conversation towards “Community Management Plus”, which emphasizes that communities need initial
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and ongoing support to deliver high quality service (P Hutchings & Franceys, 2017). The External
Support strategy was tested in two forms: extra income (Strategy 1a) and subsidized corrective
maintenance costs (1b). Strategy 1a entailed changing “Pulse Extra Income” to a supplemental $1,500
supplied every five years. Two different subsidized maintenance costs were tested in Strategy 1b: 30%
and 50% subsidized corrective maintenance costs. As seen in Figure 4.23, Strategy 1a results in a higher
WPI, but the financial external support alone will not improve the performance to the target level of 0.70.
The strategy leverages the sensitivity of the Bolivian model to changes in financial variables and
maintenance cost, through external financial support increasing the fund availability, which in turn
increases service provider capacity and maintenance provision (Figure 4.22). Comparing to Meadows’
Leverage Points in System, this strategy is moderately effective as the profitability impact decreases the
strength of negative feedback loops and increases the gain around positive feedback loops (Meadows,
1999).

Figure 4.22: Effect of Formulated Strategies on Bolivia Model’s Dynamic Hypothesis for Performance of
Community-Managed Water Systems
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The second strategy to improve the performance is the Professionalization of the Service
Provider. This strategy addresses the important factors of organizational capacity and the drive or
incentive of the service provider. The expectation of community-management is for predominantly
volunteers, with other jobs and responsibilities, to collect and manage funds, operate and maintain the
system, and perform repairs. This expectation is likely unrealistic in most cases (Schouten & Moriarty,
2003). Therefore, Strategy 2 aims to build capacity through increased professionalization. It targets the
sensitive variable: Trigger Level. The following changes were made to the model to implement Strategy
2: increase initial value of State of Service Provider by 0.2, increase the trigger level to 0.7, decrease SEP
Degradation Rate by 50%, and triple the management cost. These changes correlate to improved State of
Service Provider due to professionalization, improved capacity to recognize and address infrastructure
problems, lower degradation due to increased buy-in, and increased management costs to pay technicians
and board members. As seen in Figure 4.22, an additional balancing loop is built in with the increased
operational costs, along with an exogenous increase in State of Service Provider due to
professionalization. The simulation results are depicted in Figure 4.24. This strategy results in
performance meeting and exceeding the target performance threshold of 0.70. The greater improvement
in performance is expected, as this strategy has higher leverage by changing the rules or goals of the
system in the transition from volunteer-based to professionalized service providers (Meadows, 1999).
The final strategy – Increasing the Community’s Willingness to Pay – addresses the sensitive
variable User’s WTP. WTP was an important factor identified from both the literature review (Lockwood,
2004; Schouten & Moriarty, 2003; Suzuki, 2010) and the connections between SIASAR components.
While ownership, community perceptions, and service levels influence WTP, it is likely context-specific
what specific measures can be undertaken to improve the percentage of users regularly paying for service.
One possible way to address this would be regular community meetings and a system for reporting
problems with the system; this could build users’ trust in the system through influencing service levels,
higher response time for breakdowns, and transparency about how funds are utilized. This relationship is
shown in the dynamic hypothesis CLD through the connection between Community Meetings and Trust
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in System influencing User’s Willingness to Pay (Figure 4.22). To model this in the stock-flow model, the
variable “Regular User Meetings” was created and influenced User’s Willingness to Pay by increasing the
high and low thresholds to 0.70 and 0.50, respectively. This strategy could also offer an opportunity to
leverage the voice of women users, through community-based water monitoring or local women’s social
and economic groups, to improve women’s trust and perception of the water system (Figueiredo &
Perkins, 2013; Mandara et al., 2017). For implementation in indigenous communities, this strategy will
likely be less effective as water is typically not viewed as a commodity in indigenous worldviews
(Anderson et al., 2013). The strategy simulation results in an improved WPI but not the target
performance threshold of 0.7 (Figure 4.25). The strategy has moderately effective leverage by increasing
the gain around positive feedback loops or the structure of information flows (Meadows, 1999).

Figure 4.23: External Support Strategy Simulation for Performance of Community-Managed Water
Systems in Bolivia Model
Based on the simulation results for the three strategies, Strategy 2 resulted in the highest
improvement to performance and exceeded the target threshold of 0.7. The strategies can also be used in
combination to garner similar results (Figure 4.26). The target performance threshold can be met by
Strategy 2 alone, Strategy 1a and 2, Strategy 1a and 3, Strategy 1b and 2, and Strategy 2 and 3. The
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combination of Strategy 1b and 3 does not meet the target performance but could perhaps meet it with
greater subsidized maintenance costs by external support agencies. It should be noted that the results for
1b were modeled using 30% subsidization of maintenance costs.

Figure 4.24: Professionalization of Service Provider Strategy Simulation for Performance of CommunityManaged Water Systems in Bolivia Model

Figure 4.25: Increased Community Willingness to Pay Strategy Simulation for Performance of
Community-Managed Water Systems in Bolivia Model
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Figure 4.26: Effect of Combined Strategies Simulation for Performance of Community-Managed Water
Systems in Bolivia Model
4.4.2 Strategies for Colombia Model
Three strategies were developed and tested on the Colombia model to improve performance:
Shortened Legalization Process, Professionalization of the Service Provider, and Increasing Community’s
Willingness to Pay. The structure for the three strategies is depicted in Figure 4.27, with the new
variables, connections, and loops indicated in green. The first strategy, which is unique to Colombia,
leveraged the sensitive variable “Legalization Process”, which is also recognized in Section 4.2.1 as legal
ownership and perception of ownership influence performance levels. It was tested in two parts, Strategy
1a and 1b, by shortening the legalization process from ten years to two years and by removing the time
delay by having the system start the simulation with the improvements gained from the legalization
process. As shown in Figure 4.22, the connection between Legalization and State of Service Provider no
longer has a time delay. The simulation results for Strategy 1 are shown in Figure 4.28. While both
Strategy 1a and 1b reduce the time it takes for performance to increase due to legalization, the strategy
does not ensure target performance levels of 0.7 alone. The strategy has the lowest effectiveness for
leverage in the system of all tested strategies, targeting the length of delays (Meadows, 1999).

75

Figure 4.27: Effect of Formulated Strategies on Colombia Model’s Dynamic Hypothesis for Performance
of Community-Managed Water Systems
The second and third tested strategies are the same as Bolivia: Professionalization of the Service
Provider and Increased Community Willingness to Pay. The only differences for the implementation of
the strategies in Colombia were the changes in Trigger Level (increased to 0.8) and the values of User’s
Willingness to Pay (high threshold = 0.9; low threshold = 0.7), respectively. However, the changes to the
dynamic hypothesis structure remain the same as the strategy implementation in Bolivia (Figure 4.27).
The results of the simulations are shown in Figure 4.29 and Figure 4.30. Both strategies ensure target
performance levels, except for in the first five to ten years of the system.
Based on the strategy testing results, Strategy 2 resulted in the highest improvement to
performance, like the Bolivia model. Both Strategy 2 and Strategy 3 resulted in performance meeting or
exceeding the target performance threshold. The effect of the three strategies in combination was also
tested (Figure 4.31). All of the strategy combinations resulted in performance levels meeting or exceeding
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the target threshold, with the combination of Strategy 2 and 3 resulting in the highest sustained
performance levels.

Figure 4.28: Shortened Legalization Process Strategy Simulation for Performance of CommunityManaged Water Systems in Colombia Model
4.5 Key Findings from Modeling and Strategy Testing
The Bolivia and Colombia models for CMWS performance had relatively the same conceptual
structure and were driven by largely the same feedback mechanisms. The most sensitive variables across
both models were User’s Willingness to Pay and the Trigger Level. Of the formulated and tested
strategies to improve performance, Professionalization of the Service Provider and Increasing User’s
Willingness to Pay were the most effective. It should be noted that the tested strategies mostly changed
parameters in the model rather than the model structure. These strategies and associated impacts could be
improved further by shifting the focus to preventive maintenance as the economic management and
organizational capacity of service providers improves. This shift would improve the resilience of
community-managed systems as they become more proactive rather than reactive.
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Figure 4.29: Professionalization of Service Provider Strategy Simulation for Performance of CommunityManaged Water Systems in Colombia Model

Figure 4.30: Increased Community Willingness to Pay Simulation for Performance of CommunityManaged Water Systems in Colombia Model
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Figure 4.31: Effect of Combined Strategies Simulation for Performance of Community-Managed Water
Systems in Colombia Model
To measure the significance of the work, the results were compared to the five knowledge gaps
that the goals and objectives of this study targeted. The models accounted for the interaction and feedback
among the SIASAR dimensions Water System Infrastructure, Water Service Level, and Service Provider,
along with their associated indicators. The reference mode and model also spanned a time series, based on
the range of ages of the surveyed water systems. The research was larger-scale and quantitative, using
SIASAR data to quantify performance levels of over 4,000 community-managed systems in two
countries. Six strategies were designed and tested to improve performance and attain higher service
levels; these strategies are not the only solutions, and the conceptual and model structure can be used to
develop other solutions based on the identified systems thinking problem-solving methods. Using
literature review and sensitive variables from the model, factors that contribute to sustainable rural water
services were identified. However, the models do not account for the influence of gender and ethnicity on
community dynamics, management, and willingness to pay.
The results of this study have implications for each study location, SIASAR, and the body of
literature on community-managed water systems. Based on the model results, the Bolivian systems are
very sensitive to financial variables (tariff rates, user’s willingness to pay, maintenance costs) and
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capacity of the service provider. The most effective tested strategies for Bolivia target the availability of
funds – through external financial support or improved percentages of user’s paying tariff rates – or
improving the capacity of the service provider to detect and address breakdowns. Based on the Colombian
model, the systems are not as sensitive to financial variables but are sensitive to time delays in the early
years of the systems and the capacity of the service provider, as well as user’s willingness to pay. The
most effective strategies for Colombia targeted user’s willingness to pay, shortening time delays (through
the hypothesis of legalization), and improving service provider capacity. The stock-flow model and
virtual simulations can also serve as a communication and decision-making tool for governments and
non-governmental organizations to test interventions and target funds and policies towards the most
effective interventions.
Regarding SIASAR, the results have implications for the monitoring tool and other member
states. The model shows the interconnected nature of the SIASAR dimensions of Water System
Infrastructure, Water Service Level, and Service Provision, but SIASAR’s conceptual model does not
account for these relationships or feedback mechanisms. The conceptual model should be adapted to
account for the synergies among the dimensions, and more research should be conducted to identify
similar connections and feedback for sanitation, hygiene, schools and health centers, and technical
assistance providers in communities. Additionally, the methods and model structure should be tested and
adapted to other SIASAR member states.
The study results have implications for community-managed systems and research globally. The
reference modes for Bolivia and Colombia and virtual model simulation affirm the limitations of the
management structure for maintaining acceptable performance levels as the system ages. The sensitive
variables from both models also align with important factors previously identified from qualitative and
anecdotal data. For both models, Professionalization of the Service Provider was the most effective
strategy for improving performance of CMWS, and this strategy should be accompanied with a shift in
focus on corrective maintenance to preventive maintenance. This strategy has the potential to work on
other contexts as well as it was successful in both Bolivia and Colombia, which exhibited different
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behavior and have differing socioeconomic, political, and ethnic contexts. The External Financial Support
strategy, which is effective in Bolivia but not as applicable in Colombia, demonstrates that backstop
financing is not always the best strategy for improving performance. For countries or contexts where
systems are not as sensitive to changes in financial management, funding would be better invested in
technical assistance provision to improve the capacity of service providers.
4.6 Limitations of Research
The research design and analysis were limited by a number of factors. The primary limitation was
the availability and quality of the SIASAR data for the two study locations. Many of the surveys for
communities, systems, and service providers were incomplete and had several missing fields of data.
Furthermore, most communities have only been surveyed once, due to the relative newness of SIASAR
and the mobilization of monitoring and surveying by each member state. Because communities had only
been surveyed once, a time series was approximated to get a generalized trend of the behavior of
community-managed water systems in each study location as a system ages, using the average values
from surveyed systems and calculated system ages from the date of survey. Additionally, the research
design was unable to incorporate the provision of technical assistance, due to little or no data collected in
the study locations and no linking identifiers connecting technical assistance providers to the communities
they serve. Furthermore, the design is limited by the exclusion of sanitation data, as the study does not
examine the interconnections and influence of sanitation on the water system.
The model-building and analysis are also limited by the experience of the author and what was
included in the model design. While two former Peace Corps volunteers who served as WASH engineers
in neighboring Latin American countries were consulted to verify relationships among components of the
system, no experts or professionals from the Bolivian or Colombian rural water sector were consulted due
to time and resource limitations. The models also did not incorporate any information on specific policies
or events occurring in the study locations (i.e. extreme weather events, support policies, political
interference, or project implementation) that could have influenced behavior.
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As with any model, the model is a simplification of reality that is built on a number of
assumptions to approximate reality. Therefore, the validity and accuracy of the model depends on the
assumptions made, which have been documented earlier in this chapter. As mentioned previously, the
model does not account impact of women’s leadership and involvement, ethnicity, and long-term support
on performance, which have been identified as important factors or knowledge gaps from the literature
review. The model was not validated by the data, as all data points for both countries were used to
calibrate the model. Additionally, the Sensitivity Analysis for Bolivia revealed that the model does not
account for how disinvestment in operation, management, and environmental services funding decreases
performance.
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Chapter 5: Conclusion and Recommendations
5.1 Conclusion
The goal of this research was to improve the performance of rural community-managed water
systems (CMWS) in Bolivia and Colombia. The problem with rural CMWS being unable to sustain high
quality services over acceptable time periods has been well documented across the literature (Chowns,
2015; Lockwood, 2004; Schouten & Moriarty, 2003; Schweitzer & Mihelcic, 2012) and was confirmed
by the results of this study. In Bolivia and Colombia, only 8.6 and 31 percent of systems, respectively,
met the target performance threshold, meaning that the level of service was acceptable, and the service
provider had the capacity to address existing or emerging problems. The study sought to address the
problems with CMWS by using a quantitative systems approach to understand important factors and
connections between SIASAR components that influence performance, approximate behavior trends for
systems in Bolivia and Colombia, and simulate strategies to improve performance. These methods were
developed to address the knowledge gaps of researchers disregarding interaction or feedback between
factors that influence sustainability of CMWS and most studies being small-scale and relying on
predominantly anecdotal evidence.
The literature review centered on documenting problems with sustainability of communitymanaged water systems, exploring how systems thinking can be used to solve problems, and
understanding how systems thinking tools and approaches have been applied to WASH and sustainable
development studies. The background and conceptual model for SIASAR was also reviewed, including
studies that have used SIASAR data and research initiatives set by SIASAR. The five ways that systems
thinking has been applied to solve WASH problems are: Meadows’ places to intervene in a system,
system archetypes, building in balancing loops, leveraging sensitive parameters revealed from stock-flow
models, and simulating hypotheses and strategies through stock-flow models and agent-based modeling.
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Other systems tools – like Bayesian Networks, social network analysis, and causal loop diagrams – have
been applied in WASH studies, but they have been primarily used to understand the system structure or
important factors within the system.
Performance was defined as a composite measure of the water service level, state of water system
infrastructure, and the state of the provisional structure of a community-managed water system. It was
quantified by the Water Performance Index (WPI), which ranged from a score of 0 to 1. Four research
objectives were set to address the goal of improving performance in Bolivia and Colombia. The first
objective was to assess the current performance of rural CMWS in Bolivia and Colombia by developing
reference modes of the Water Performance Index over time and by evaluating descriptive statistics for
community and system demographics. In both countries, the WPI did not meet the target threshold (WPI
> 0.70) and there was a general decrease in performance as the system aged. The systems in Colombia
generally had higher service levels, increased maintenance provision, better accounting, higher gender
ratios, and were more likely to have legal status. However, the youngest Colombian systems had the
lowest scores across the board compared to older systems.
The second objective was to identify factors that contribute to higher performance through a
literature review and identifying connections between SIASAR components. From the literature review,
the six key factors identified were primarily related to the service provider and the users. The factors
were: cost sharing and financial management, operations and maintenance, service provider capacity,
long-term support, ownership and community perception, and involvement of women. Among the 38
SIASAR components for the Water Performance Index, 82 connections were identified. Of the 82
connections, 62% of the connections were from Service Provider components, reinforcing the importance
of high-quality service provision on infrastructure and service levels and the interconnections and
synergies within the service provider structure. The most influential components were Maintenance
Provision, Organizational Capacity, and Economic Management, which is consistent with the literature.
The third objective was to develop a stock-flow diagram to model the performance of
community-managed water systems in Bolivia and Colombia. The model development and testing
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process was done in accordance with the process laid out by Sterman (Sterman, 2000). The overall
dynamic hypothesis for both models was similar, looking at how economic management, maintenance
provision, and organizational capacity influence the state of the water system infrastructure, water service
level and users’ willingness to pay. Both models consisted of sub-models for each component (State of
Water System Infrastructure, Water Service Level, and State of Service Provider) of the Water
Performance Index with the variables that influenced the improvement and degradation of each
component over time. The models were tested via comparison to reference mode, extreme conditions, and
sensitivity analysis. The most sensitive variables for the Bolivia model were the Monthly Tariff,
Corrective Maintenance Cost, User’s Willingness to Pay, and the Trigger Level. The most sensitive
variables for the Colombia model were the Trigger Level, Legalization Process, User’s Willingness to
Pay, and the Annual Income and Expenses.
The fourth objective was to develop and test strategies to improve the performance to the target
threshold (WPI > 0.70). For each country, three strategies were developed using the most sensitive model
variables and important factors identified from the methods described in Objective 2. The strategies were
developed based on the model’s sensitive variables and the important factors identified from the literature
and connections among SIASAR components. Two strategies were context-specific: External Financial
Support (Bolivia) and Shortened Legalization Process (Colombia). The other tested strategies –
Professionalization of the Service Provider and Increasing Community’s Willingness to Pay – worked for
both Bolivia and Colombia.
5.2 Recommendations
5.2.1 Bolivia
The best strategy to improve performance of community-managed water systems in Bolivia is
Professionalization of the Service Provider. While this strategy leads to increased expenses for the service
provider, it improves the ability of the service provider to detect and address problems in the system and
reduces the degradation of the State of Service provider over time due to disinterest or migration. The
other tested strategies can also lead to similar improvements in performance in combination. While three
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strategies were tested for this research, more could be developed based on the five methods described
previously. For example, strategies could be developed to add in additional balancing loops or to reduce
the gain on the reinforcing loop. Future research in Bolivia should investigate what specific strategies can
be adopted to improve the community’s willingness to pay. The strategy recommended by the study was
to increase community meetings with water committee and adopt a formalized system for users to lodge
complaints or request repairs. This strategy could be an opportunity to leverage the involvement of
women through community-based water monitoring or women’s economic and social groups. While
WTP is cited in the literature as an important factor, it remains unclear how to improve the percentage of
users contributing to the water system, especially for indigenous communities.
5.2.2 Colombia
Like Bolivia, the strategy that resulted in the most improvement to performance was
Professionalization of the Service Provider. The third strategy (Increase Community’s Willingness to
Pay) also resulted in performance meeting the target threshold, while the first strategy (Shortened
Legalization Process) only met or exceeded the target performance in combination with other strategies.
The model can be used to develop additional strategies using Meadow’s places to intervene in a system,
system archetypes, building in balancing loops, etc. To improve the model, future research should be
conducted to determine why younger Colombian systems built in the last decade are performing at
substantially lower levels than older systems. The model’s assumption was that this was due to lower
legalization rates, which influence tariff management, funding, and other service provider metrics.
However, further research should be conducted to confirm what mechanisms are resulting in lower
performance levels in reality.
5.2.3 SIASAR
While SIASAR is a valuable framework for evaluating sustainability of rural water and sanitation
and a data source for measuring performance, some improvements could be made to ease data analysis.
The addition of a codebook to the conceptual model would aid collection and analysis of data, by
clarifying what each term and indicator means. Furthermore, the data would be improved by having a
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consistent ID across the four surveys, so that technical assistance, community, system, and service
provider data can be more easily linked. These recommendations are consistent with findings of Cronk
and Bartram in their study using SIASAR data (Cronk & Bartram, 2018). In terms of future research, the
methods employed in this study could be applied to other SIASAR member states or for other important
parameters. The model should be tested and adapted to other Latin American countries and could be used
to investigate how geographical location, socio-economic status, ethnicity, and involvement of women
influence performance of water systems.
5.2.4 Future Model Improvements
The model should be improved to address the limitations that were detailed in Section 4.6. In
order to validate the models, they should be re-calibrated using one third of the available SIASAR data
and validated using the remainder of the data. The model structure should be updated to include the
involvement of women and to account for the influence of disinvestment in operation, management, and
environmental expenses on performance. The model should also be tested on community-managed
systems in other SIASAR member states, to determine if the hypotheses and strategies are valid in other
contexts.
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Appendix A: SIASAR Components and Connections
Table A.1: Description of SIASAR Dimensions and Indicators (Conceptual Model SIASAR 2.0, 2016)
Dimension
Indicator
Description
Accessibility
Community
Ratio of Households using improved water to total number
(ACC)
Coverage
of households in community
Accessibility Factor Depends upon the average distance to public standpipes
(Accessibility Factor = 1 when distance < 100 m)
Continuity
Service Hours
Average number of service hours per day
(CON)
Seasonality
Water Flow
Measured flow from water source.
(SEA)
Seasonality
Enough water during dry and rainy season.
Theoretical Demand Reference endowment for population served by system in
period of 24 hours (Standard consumption = 80
liters/person/day)
Quality (QUA) Bacteriological
Total coliforms test.
Analysis
Physiochemical
Physical/chemical test.
Analysis
Date of analysis
Both tests completed and date provided on survey.
System
Days of Autonomy
Days of autonomy of water storage infrastructure, calculated
Autonomy
as comparison between storage volume and theoretical
(AUT)
volume demand.
Production
State of Water
Physical condition of water source and/or catchment
Infrastructure
Source or
infrastructure.
(INF)
Catchment
State of Water Main Physical condition of water main.
(Conduction Line)
State of Storage
Physical condition of storage infrastructure.
Infrastructure
Cleaning Frequency Cleaning frequency for storage infrastructure.
State of Distribution Physical condition of distribution network.
Water
Status of Protection Function of green/wooded areas, erosion, fences or area
Catchment
Area
protection, contamination by solid waste or chemicals.
Area
Protection
(PRO)
Treatment
Presence and
Treatment at "system" level occurs to remove suspended
System (TRE)
Functionality of
solids and functions at acceptable level.
Treatment System
Status of Treatment Physical condition of treatment system.
System
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Table A.1 (Continued)

Organization
Management
(ORG)

Operation &
Maintenance
Management
(OPM)

Economic
Management
(ECO)

Environmental
Management
(ENV)

Household
Filtration
Disinfection using
Chlorine
Legal Status
Filled Board
Positions
Board Meetings
Ratio of Women
Tariff management
and accountability
Provision of
Maintenance
General Valuation
Service Provision
Rules and
Regulations
Residual Chlorine
Operative MicroMeters
Billing Efficiency
Collection
Efficiency
Profitability
Liquidity
Solvency
Debt Service
Coverage
Environmental
Sanitation
Preventive Actions
Corrective Actions

Filtration to remove suspended solids and pathogens occurs
at household level.
Disinfection is done using chlorine to remove pathogens.
Service provider legal status.
Number of board positions filled and date of last board
member election.
Number of meetings during the last 6 months
Number of women on board of directors to total board
members
Presence of tariff, income and expenditure ledger, and
accountability meeting minutes.
Preventive and/or corrective maintenance provided.
Presence of resources and technicians.
Operation and maintenance rules and regulations in place
and are fully applied.
Basic operation of chlorination within acceptable residual
chlorine levels.
Coverage of functioning micro-meters with recorded
consumption.
Ratio of total volume of water invoiced to total volume of
water billed.
Ratio of monthly average billing income to monthly average
billing.
Ratio of total income to total expenditure (administration,
operation, maintenance, and environmental services).
Ratio of current active assets to current liabilities.
Ratio of total active assets to total liabilities.
Ratio of short- and long-term debt payments to difference
between average monthly income and expenditure.
Promotion of environmental sanitation
Preventive environmental actions promoted and executed
near water source or system intake.
Corrective environmental actions promoted and executed
near water source or system intake.
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Table A.2: Identified Connections Between SIASAR Components with Justification and Source
Indicator

Influenced By

Community
Coverage
Service
Hours

Population

Theoretical
Demand

Water Flow

Water
Quality

S/
O
O

Production
Infrastructure (INF)
Water Flow
Theoretical Demand
System Autonomy

S

Service Provision
Rules and Regulations
Population

S

Positive Perception of
System Reliability
Micro-meter Coverage

O

Environmental
Management (ENV)
Climate Change
Impacts

S

Legal Status

S

Climate Change
Impacts
Water Catchment Area
Protection
Service Hours

O

Treatment System
(TRE)

S

S
O
S

S

O

O

S
S

Justification

Source

Coverage = (No. Households Served)/(Total Households) = Population
Served/Total Population
24-hour service depends on high performing water system infrastructure

SIASAR Conceptual
Model, 2016
Cronk and Bartram,
2018
Mass Balance
Mass Balance
Field experience

Service hours per day = Water Flow / Theoretical Demand
Service hours per day = Water Flow / Theoretical Demand
If tank does not have enough storage or demand increases, service hours
will be reduced.
Service provision rules in place may set limits or service hours to account
for demand or ensure equity across system
Demand = Population * Average Daily Consumption Per Capita (80
L/day/person)
If community trusts that water will be available and needs met, over
collecting or hoarding will not occur during operational hours.
Metering water could have psychological impacts to reduce
impacts/economic restraints based on consumption tariffs.
Environmental management actions (i.e. plant types or land use changes)
can influence source water flow.
Climate change impacts impact water quantity through increasing
precipitation and more frequent droughts.
Legal status and water rights influence proportion of source flow allocated
to system.
Climate change impacts increase turbidity, organic matter, pathogens, and
anthropogenic contaminant levels.
Land management practices impact nutrient and sediment loading.
Systems with intermittent service more likely to contain fecal indicator
bacteria.
Functioning treatment systems improve water quality.

Field experience
SIASAR Conceptual
Model, 2016
Field experience
Field experience
Field experience
Li, Clark,
Buchberger, &
Yang, 2014
Field experience
Li et al., 2014
Yasarer & Sturm,
2016
Kumpel & Nelson,
2013
Field experience
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Table A.2 (Continued)
System Autonomy

Theoretical Demand
State of Storage

State of Catchment
Infrastructure

State of Water
Main (Conduction)
State of Storage

Cleaning
Frequency
State of
Distribution
Water Catchment
Area Protection

State of Treatment
System

O Autonomy = (Actual Storage Volume)/(Theoretical Volume Demand)

S Autonomy depends on physical condition of storage infrastructure.
Leaks or sedimentation reduces storage volume.
Maintenance
S Corrective and preventative maintenance provision ensures higher
Provision
physical condition of catchment infrastructure.
Environmental
S Environmental management improves state of catchment infrastructure.
Management (ENV)
Less debris, sediment, not as frequent cleaning.
Water Catchment Area S Presence of water catchment area protection improves state of
Protection
catchment infrastructure.
State of Catchment
S Higher physical condition of catchment protects water main from
Infrastructure
damage. Sediment or debris cause blockage or degrade pipes.
Maintenance
S Corrective and preventative maintenance provision ensures higher
Provision
physical condition of water main.
Cleaning Frequency
S Higher cleaning frequency reduces sediment accumulation and
maintains capacity of storage infrastructure.
Maintenance
S Corrective and preventative maintenance provision ensures higher
Provision
physical condition of storage infrastructure.
Service Provision
S Cleaning frequency typically set by schedule agreed upon at
Rules and Regulations
construction/set in service provision rules.
Maintenance
S Cleaning frequency depends on provision of preventive and corrective
Provision
maintenance.
Maintenance
S Corrective and preventive maintenance provision ensures higher
Provision
physical condition of distribution infrastructure.
Environmental
S Environmental management practices put in place protective measures
Management (ENV)
(i.e. planting, erosion control).
Climate Change
O Climate change impacts degrade catchment area protection
Impacts
Maintenance
S Corrective and preventive maintenance provision ensures source
Provision
protection.
Maintenance
S Corrective and preventative maintenance provision ensures higher
Provision
physical condition of treatment system

SIASAR
Conceptual Model,
2016
Field experience
Field experience
Annis, 2006; Field
experience
Field experience
Field experience
Field experience
Field experience
Field experience
Field experience
Field experience
Field experience
Yasarer & Sturm,
2016
Field experience
Field experience
Field experience
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Table A.2 (Continued)
Disinfection using
Chlorine

Legal Status
Organizational
Capacity
Activity of Service
Provider
Tariff Management
and Accountability
Maintenance
Provision

Existing Resources
Economic
Management (ECO)
Organizational
Capacity
Organizational
Capacity
Drive or Incentive
Service Provision
Rules and Regulations
Service Provision
Rules and Regulations
Drive or Incentive
Legal Status
Existing Resources
Technicians
Service Provision
Rules and Regulations
Activity of Service
Provider
Micro-meter
Coverage
Economic
Management (ECO)
Organizational
Capacity
Production
Infrastructure (INF)

S Disinfection using chlorine depends on existing resources (i.e.
chlorine).
S Economic management influences chlorine disinfection; costs
(i.e. transportation) to acquire resources.
S Higher capacity of service provider understand importance of
disinfection, chlorine demand, water quality changes.
S Higher capacity of service provider understand importance of
legalization, renew legal status, etc.
S Driven and active members improve organizational capacity.
S Service provision rules or bylaws set when to meet and how to
address problems.
S Service provision rules set when and how often to meet.

Field experience

S Driven and active members attend meetings and take actions to
resolve problems; activity can be influenced by harvest.
S Legal status may mandate tariff management and accountability
strategies.
S Maintenance provision depends on existing resources (i.e. tools,
spare parts).
S The skill level and number of technicians improves the
maintenance provision.
S Service provision rules provide framework for how, when, and by
who maintenance is completed.
S Activity of service provider improves provision of maintenance
and ability to address/prevent breakdowns.
S Micro-meter coverage improves maintenance provision and helps
control leaks in system.
S Economic management (i.e. available funds, accounting) leads to
more maintenance provision.
S Higher organizational capacity improves maintenance provision,
as problems are detected, diagnosed, and resolved.
O Maintenance provision depends on state of the infrastructure (i.e.
excellent condition, no maintenance done).

Field experience

Field experience
Field experience
Field experience
Field experience
Field experience
Field experience

Field experience
Field experience
Field experience
Field experience
Field experience
Brikké & Bredero,
2003; Field experience
Field experience
Field experience
Field experience
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Table A.2 (Continued)
Existing Resources

Technicians

Residual Chlorine

Economic Management
(ECO)
Availability of Spare
Parts (Supply Chain)
Maintenance Provision
Organizational
Capacity
Organizational
Capacity
Drive or Incentive
Disinfection Using
Chlorine
Water Quality
Maintenance Provision

Service Provision
Rules and Regulations
Micro-meter Coverage

Economic
Management (ECO)

Legal Status
Organizational
Capacity
Economic Management
(ECO)
Maintenance Provision
Tariff Management and
Accountability
Maintenance Provision
User's Willingness to
Pay
Activity of Service
Provider
Micro-meter Coverage

S Economic management influences purchasing of resources to
maintain system.
S Presence of spare part supply chain influences existing resources
and purchasing of resources.
O Completion of maintenance reduces the amount of existing
resources.
S Higher organizational capacity increases existing resources
through inventory of parts, knowing what to purchase, etc.
S Higher organizational capacity increases number and skill of
technicians
S Ability of technicians to conduct maintenance influenced by drive
or incentive.
S For residual chlorine to be detected, operators must be employing
disinfection using chlorine.
O As water quality degrades, residual chlorine level decreases based
on chlorine demand.
S Residual chlorine levels improve with maintenance provision and
proper dosing.
S Service provision rules may be mandated with legal status.
S Setting and following service provision rules improves with higher
organizational capacity
S Micro-meter coverage improves with improved economic
management.
S Functioning meters require maintenance provision
S Tariff management and accounting improves economic
management.
O Conducting maintenance reduces the amount of available funds
and thus economic management.
S Economic management improves when users are willing to pay
tariff.
S Activity of service provider improves ability to collect tariffs and
manage finances.
S Rate-based tariff collection increases with micro-meter coverage.

Field experience
Chowns, 2015;
Lockwood, 2004
Field experience
Field experience
Field experience
Field experience
Field experience
Field experience
Field experience
Field experience
Field experience
Field experience
Brikké &
Bredero, 2003
Field experience
Field experience
Field experience
Field experience
Field experience
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Table A.2 (Continued)
Environmental
Management (ENV)

User's Willingness to
Pay

Positive Perception of
System Reliability

Drive or Incentive

Economic Management
(ECO)
Activity of Service
Provider
Legal Status

S

Technicians

S

Climate Change
Impacts
Service Hours
Water Quality
Tariff Management and
Accountability
Activity of Service
Provider
Organizational
Capacity
Service Hours

S

Water Quality

S

Activity of Service
Providers
Organizational
Capacity
Economic Management
(ECO)

S

S
S

S
S
S
S
S
S

S
S

Improved economic management provides funds for
environmental management actions to be taken.
More active service providers conduct more environmental
management practices.
Legal status gives land or water rights and allows service provider
to conduct environmental management
With more technicians or more skilled technicians, more
environmental management can be conducted.
Increasing climate change impacts will increase environmental
management actions.
Increasing service hours will increase user's willingness to pay.
Improved water quality will increase user's willingness to pay.
Accountability measures in place will increase user's willingness
to pay.
A more active service provider increases user's willingness to pay.

Field experience

Higher organizational capacity will increase the community's
perception of system reliability.
Increasing service hours will increase the community's perception
of system reliability.
Improved water quality increases community's perception of
system reliability.
More active service providers increase community's perception of
system reliability.
Higher organizational capacity (i.e. more training and knowledge)
increase members drive to do the work.
Improved economic management improves members drive (i.e.
professionalization of technicians, members).

Field experience

Field experience
Field experience
Field experience
Field experience
Field experience
Field experience
Field experience
Field experience

Field experience
Field experience
Field experience
Field experience
Field experience

103

Appendix B: Descriptive Statistics
Table B.1: Descriptive Community and System Statistics from SIASAR Data
Indicator
Measurement
Bolivia
Colombia
Year Built
Average
2003
1989
Range
1950 - 2018 1920 - 2019
Population Served
Average
206
1202
Range
0 - 2479
0 - 15928
Number of Households Served Average
62.2
299
Range
0 - 965
0 - 3359
Hours of Service per Day
Average
20.7
21.2
Surface Water
Percentage
67.4%
85.3%
Groundwater
Percentage
29.6%
13.8%
Gravity Flow
Percentage
74.4%
94.0%
Electric Pump
Percentage
24.4%
10.0%
Handpump
Percentage
0.264%
0%
Rainwater Harvesting
Percentage
0.922%
0.142%
Water Committee Legalized
Percentage
10.7%
71.1%
Women on Water Committee
Average Number per
0.559
1.62
Committee
All Board Positions Filled
Percentage
74.8%
85.1%
Board Meetings in Past 6
Average Number per
2.90
3.07
Months
Committee
Conducted Preventive and
Percentage
37.8%
63.1%
Corrective Maintenance in
Last Year
Consumption-Based Tariff
Percentage
6.85%
13.5%
Bank Account
Percentage
5.93%
65.8%
Accountability Mechanism
Percentage
5.93%
65.8%
Fee Payment Mechanism
Percentage
75.4%
87.9%
Available Funds
Percentage
55.7%
66.6%

104

Appendix C: Bolivia Model Tables and Figures
Table C.1: Calibration of State of Water System Infrastructure Sub-Model for Bolivia
Stocks
Initial
Inflows
Outflows
State of Water
0.757
WSI Improvement
WSI Degradation
System Infrastructure
Flows
Equation
WSI Improvement
=WSI Improvement Rate
WSI Degradation
=WSI Degradation Rate
Auxiliary Variables Equation
Description
WSI Improvement
=(0.01*Preventive Maintenance
WSI improvement rate based on
Rate
Provision+(1.4*Repair Quality*Delayed preventive maintenance provision
Impact of Repair))*State of Water
and quality of corrective
System Infrastructure
maintenance provision.
Repair Quality
="LOOKUP Repair Quality & Org
Quality of repairs is function of
Capacity"(State of Service Provider)
service provider capacity,
technician skills, and resources.
Preventive
=IF THEN ELSE(Amount of Available
Preventive maintenance will be
Maintenance
Funds >= Cost of Preventive Repairs
conducted when funds are
Provision
:AND: Time Delay=1,1,0)
available, with a time delay.
Time Delay
=PULSE TRAIN(3,1,2,70)
Preventive maintenance conducted
every two years, starting in year 3.
Corrective
=IF THEN ELSE(State of Water System Corrective maintenance conducted
Maintenance
Infrastructure<Trigger Level :AND:
when WSI below trigger level and
Provision
Amount of Available Funds >=Cost of
funds are available.
Corrective Repairs, 1, 0)
Delayed Impact of
=DELAY1(Corrective Maintenance
Time delay for repair to be
Repair
Provision, 3*TIME STEP)
conducted after funds are
mobilized.
Trigger Level
=DELAY FIXED(0.55,25,0.6)
Trigger level initiates when service
provider recognizes problem in
system, which decreases after 25
years.
WSI Degradation
=DELAY FIXED(0.04, 5, 0.01)
WSI degradation increases after
Rate
five years.
Cost of Corrective
=DELAY FIXED(1260,25,840)
Cost of corrective repairs increase
Repairs
after 25 years, as more serious
maintenance needed.
Lookup
Graph
Description
LOOKUP Repair
See Figure C.1
Relationship between service
Quality & SEP
provider and repair quality.
Constant
Value
Units
Source
Cost of Preventive
420
$
SIASAR
Repairs
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Table C.2: Calibration of Water Service Level Sub-Model for Bolivia
Stocks
Initial
Inflows
Outflows
Water Service Level
0.865
WSL Improvement
WSL Degradation
Population Served
206
Growth
N/A
Flows
Equation
WSL Improvement
=WSL Improvement Rate
WSL Degradation
=WSL Degradation Rate
Growth
=Rural Population Growth Rate
Auxiliary Variables
Equation
Description
WSL Improvement Rate
=IF THEN ELSE(WSI Impact on
WSL improves if WSI has
WSL>0, (WSI Impact on
increased.
WSL/2.5)*Water Service Level, 0)
WSI Impact on WSL
=(State of Water System InfrastructureImpact of WSI change on
Previous WSI)/TIME STEP
WSL.
Previous WSI
=DELAY1(State of Water System
WSI from previous time step.
Infrastructure, 1)
WSL Degradation Rate
=IF THEN ELSE(WSI Impact on
WSL decreases if WSI has
WSL<0, (IF THEN ELSE( Demand >
decreased and decreases if
Flow = 0, ABS(WSI Impact on
demand exceeds flow.
WSL/2.5)*Water Service Level,
0.05+ABS(WSI Impact on
WSL/2.5))*Water Service Level)),0)
Demand > Flow
=IF THEN ELSE(Theoretical
Binary variable for when
Demand>Source Water Flow, 1,0)
demand exceeds flow.
Theoretical Demand
=Population Served*Per Capita
Theoretical demand for water
Consumption
as function of population and
assumed per capita
consumption.
Growth Rate
=Bolivia Rural Population Growth
Growth rate is function of
Rate*Population Served
population served and
Bolivia's rural population
growth rate.
Number of Households
=Population Served/Average Household Number of households is
Size
function of population served
and average household size for
Bolivian systems.
Drought Occurrence
=0.2*PULSE TRAIN(2,1,5,50)
Drought occurs every five
years that decreases source
flow by twenty percent.
Source Water Flow
=Average Source Flow*(1-Drought
Source water flow is function
Occurrence)
of average source flow and
drought occurrence.
Constants
Value
Unit
Source
Bolivia Rural Population 0.69%
dmnl
World Bank
Growth Rate
Average Household Size 3.27
People/Household
SIASAR
Per Capita Consumption
80
L/Person/Day
SIASAR
Average Source Flow
193536
L/Day
SIASAR
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Table C.3: Calibration of State of Service Provider Sub-Model for Bolivia
Stocks
Initial
Inflows
Outflows
State of Service
0.575
SEP Improvement
SEP Degradation
Provider
Amount of Available 3018
Income
Expense
Funds
Flows
Equation
SEP Improvement
=SEP Improvement Rate
SEP Degradation
=SEP Degradation Rate
Income
=Annual Billing Income + Pulse Extra Income
Expense
=IF THEN ELSE(Amount of Available Funds >=Annual Expenses, Annual
Expenses, Maintenance Cost)
Auxiliary Variable
Equation
Description
SEP Improvement
=((0.015*Economic
SEP improves as function of
Rate
Management)+(0.015*Preventive
economic management and
Maintenance Provision))*State of
preventive maintenance provision.
Service Provider
Economic
=IF THEN ELSE(Tariff Management
Economic management improves
Management
and Accountability >=0.66 :AND:
depending on tariff management and
Profitability Impact on Economic
profitability
Management>0,1,0.5)
Profitability Impact
=(Amount of Available Funds-Previous Profitability is function of difference
on Economic
Available Funds)/TIME STEP
between available funds and
Management
previous available funds.
Previous Available
=DELAY1(Amount of Available
Available Funds from previous time
Funds
Funds,1)
step.
Annual Billing
=Number of Households*User's
Annual billing function of number of
Income
Willingness to Pay*Monthly
households, percentage of users
Tariff*Activity of Service Provider
willing to pay, monthly tariff rate,
and activity/number of times service
provider collects tariffs.
Annual Expenses
=Environmental Services Cost +
Annual expenses function of
Maintenance Cost + Management Cost environmental services,
+ Operating Cost
management, operation, and
maintenance.
Maintenance Cost
=Corrective Maintenance
Maintenance cost is function of
Provision*Cost of Corrective Repairs + preventive and corrective
Preventive Maintenance
maintenance costs and whether
Provision*Cost of Preventive Repairs
maintenance conducted.
User's Willingness to =IF THEN ELSE(Water Service
User's WTP increases as WSL and
Pay
Level>0.6 :AND: Tariff Management
tariff management improve.
and Accountability>0.5,0.6,0.33)
SEP Degradation
=IF THEN ELSE(Profitability Impact
SEP degrades constantly due to
Rate
on Economic Management<0,
disinterest or migration and
0.04*State of Service Provider,
degradation accelerates when system
0.01*State of Service Provider)
is not profitable.
Pulse Extra Income
=789*PULSE TRAIN(2,2,5,50)
Extra income pulsed every five years
for duration of two years.
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Table C.3 (Continued)
Constants
Tariff Management
and Accountability
Activity of Service
Provider
Monthly Tariff
Environmental
Services Cost
Operating Cost
Management Cost

Value
0.66

Units
dmnl

Source
SIASAR Data

3

Meetings/Year

SIASAR Data

6.82
20

$/Household
$

SIASAR Data
SIASAR Data

688
377

$
$

SIASAR Data
SIASAR Data

Variable
Monthly Tariff
Extra Income
User’s Willingness to Pay

Table C.4: Bolivia Sensitivity Analysis Tests
Higher Test
Lower Test
13.64
3.41
=1578*PULSE
=395*PULSE TRAIN(2,2,5,50)
TRAIN(2,2,5,50)
=IF THEN ELSE(Water Service =IF THEN ELSE(Water Service
Level>0.6 :AND: Tariff
Level>0.6 :AND: Tariff
Management and
Management and
Accountability>0.5, 0.9,0.33)
Accountability>0.5, 0.33, 0)
1.39%
0.347%

Bolivia Rural Population
Growth Rate
Source Flow
Trigger Level
Cost of Preventive Maintenance
Cost of Corrective Maintenance

387,072
0.7
840
=DELAY
FIXED(2520,25,1680)

96,7688
0.33
210
=DELAY FIXED(630,25,420)

Figure C.1: Relationship Between Service Provider and Repair Quality for Bolivia
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Figure C.2: Monthly Tariff Sensitivity Analysis for Bolivia

Figure C.3: Extra Income Sensitivity Analysis for Bolivia
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Figure C.4: User’s Willingness to Pay Sensitivity Analysis for Bolivia

Figure C.5: Bolivia Rural Population Growth Rate Sensitivity Analysis
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Figure C.6: Source Flow Rate Sensitivity Analysis for Bolivia

Figure C.7: Trigger Level Sensitivity Analysis for Bolivia
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Figure C.8: Cost of Preventive Maintenance Sensitivity Analysis for Bolivia

Figure C.9: Cost of Corrective Maintenance Sensitivity Analysis for Bolivia
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Appendix D: Colombia Model Tables and Figures
Table D.1: Calibration of State of Water System Infrastructure Sub-Model for Colombia
Stocks
Initial
Inflows
Outflows
State of Water
0.474
WSI Improvement
WSI Degradation
System
Infrastructure
Flows
Equation
WSI Improvement
=WSI Improvement Rate
WSI Degradation
=WSI Degradation Rate
Auxiliary
Equation
Description
Variables
WSI Improvement
=(0.01*Preventative Maintenance
WSI improvement rate based on
Rate
Provision+(Repair Quality*Delayed
preventive maintenance provision
Impact of Repair))*State of Water
and quality of corrective
System Infrastructure
maintenance provision.
Repair Quality
="LOOKUP Repair Quality & Org
Quality of repairs is function of
Capacity"(State of Service Provider)
service provider capacity, technician
skills, and resources.
Preventive
=IF THEN ELSE(Amount of Available
Preventive maintenance will be
Maintenance
Funds >= Cost of Preventive Repairs
conducted when funds are available,
Provision
:AND: Time Delay=1,1,0)
with a time delay.
Time Delay
=DELAY FIXED(1,15,0)
Preventive maintenance conducted
every two years, starting in year 3.
Delayed Response
=DELAY FIXED(2,20,6)
Delayed response for corrective
maintenance decreases after 20
years.
Corrective
=IF THEN ELSE(State of Water System Corrective maintenance conducted
Maintenance
Infrastructure<Trigger Level :AND:
when WSI below trigger level and
Provision
Amount of Available Funds >=Cost of
funds are available.
Corrective Repairs, 1, 0)
Impact of Repair
=DELAY1(Corrective Maintenance
Time delay for repair to be
Provision, Delayed Response*TIME
conducted after funds are mobilized.
STEP)
Trigger Level
=DELAY FIXED(0.65,70,0.7)
Trigger level initiates when service
provider recognizes problem in
system, which decreases after 70
years.
WSI Degradation
=DELAY FIXED(0.04, 5, 0.01)
WSI degradation increases after five
Rate
years.
Lookup
Graph
Description
LOOKUP Repair
See Figure D.1
Relationship between service
Quality & SEP
provider and repair quality.
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Table D.1 (Continued)
Constant
Cost of Preventive
Repairs
Cost of Corrective
Repairs

Value
82500

Units
$

Source
SIASAR Data

165000

$

SIASAR Data

Table D.2: Calibration of Water Service Level Sub-Model for Colombia
Stocks
Initial
Inflows
Outflows
Water Service Level
0.419
WSL Improvement
WSL Degradation
Population Served
1231
Growth
N/A
Flows
Equation
WSL Improvement
=WSL Improvement Rate
WSL Degradation
=WSL Degradation Rate
Growth
=Rural Population Growth Rate
Auxiliary Variables
Equation
Description
WSL Improvement Rate =IF THEN ELSE(WSI Impact on WSL>0,
WSL improves if WSI has
(WSI Impact on WSL/2.5)*Water Service
increased.
Level, 0)
WSI Impact on WSL
=(State of Water System InfrastructureImpact of WSI change on
Previous WSI)/TIME STEP
WSL.
Previous WSI
=DELAY1(State of Water System
WSI from previous time
Infrastructure, 1)
step.
WSL Degradation Rate
=IF THEN ELSE(WSI Impact on WSL<0,
WSL decreases if WSI has
(IF THEN ELSE( Demand > Flow = 0,
decreased and decreases if
ABS(WSI Impact on WSL/2.25)*Water
demand exceeds flow.
Service Level, 0.05+ABS(WSI Impact on
WSL/2.25))*Water Service Level)),0)
Demand > Flow
=IF THEN ELSE(Theoretical
Binary variable for when
Demand>Source Water Flow, 1,0)
demand exceeds flow.
Theoretical Demand
=Population Served*Per Capita
Theoretical demand (L/day)
Consumption
for water as function of
population and assumed per
capita consumption.
Per Capita Consumption =DELAY FIXED(100,20,80)
Per capita consumption
increases after twenty years.
Growth Rate
=Colombia Rural Population Growth
Growth rate is function of
Rate*Population Served
population served and
Colombia's rural population
growth rate.
Drought Occurrence
=0.2*PULSE TRAIN(2,1,5,50)
Drought occurs every five
years that decreases source
flow by twenty percent.
Source Water Flow
=Average Source Flow*(1-Drought
Source water flow is
Occurrence)
function of average source
flow and drought
occurrence.
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Table D.2 (Continued)
Constants
Colombia Rural
Population Growth Rate
Average Source Flow

Value
1.94%

Unit
dmnl

Source
World Bank, n.d.

691200

L/Day

SIASAR Data

Table D.3: Calibration of State of Service Provider Sub-Model for Colombia
Stocks
Initial Inflows
Outflows
State of Service
0.575 SEP Improvement
SEP Degradation
Provider
Amount of Available
3018
Income
Expense
Funds
Flows
Equation
SEP Improvement
=SEP Improvement Rate
SEP Degradation
=SEP Degradation Rate
Income
=Annual Billing Income
Expense
=IF THEN ELSE(Amount of Available Funds >=Annual Expenses, Annual
Expenses, Maintenance Cost)
Auxiliary Variable
Equation
Description
SEP Improvement Rate
=((0.01*Economic
SEP improves as function of
Management)+(0.01*Preventive
economic management and
Maintenance Provision)+(0.13*(1- preventive maintenance provision.
Legalization Process))*State of
Service Provider
Economic Management =IF THEN ELSE(Tariff
Economic management improves
Management and Accountability
depending on tariff management,
>=0.66 :AND: Profitability Impact profitability, and legalization process.
on Economic
Management>0,0.75,0.5)
Profitability Impact on
=(Amount of Available FundsProfitability is function of difference
Economic Management Previous Available Funds)/TIME
between available funds and previous
STEP
available funds.
Previous Available
=DELAY1(Amount of Available
Available Funds from previous time
Funds
Funds,1)
step.
Annual Billing Income
=5462700*User's Willingness to
Annual billing function of number of
Pay
households, percentage of users
willing to pay, monthly tariff rate, and
activity/number of times service
provider collects tariffs.
Annual Expenses
=Maintenance Cost +3600000
Annual expenses function of
environmental services, management,
operation, and maintenance.
Maintenance Cost
=Corrective Maintenance
Maintenance cost is function of
Provision*Cost of Corrective
preventive and corrective
Repairs + Preventive Maintenance maintenance costs and whether
Provision*Cost of Preventive
maintenance conducted.
Repairs
115

User's Willingness to
Pay
SEP Degradation Rate

Tariff Management and
Accountability
Legalization Process

Variable
Annual
Income
Annual
Expenses
User's
Willingness
to Pay
Rural
Population
Growth Rate
Source Flow
Trigger
Level
Cost of
Preventative
Maintenance
Cost of
Corrective
Maintenance
Delayed
Response
Legalization
Process

Table D.3 (Continued)
=IF THEN ELSE(Water Service
Level>0.6 :AND: Tariff
Management and
Accountability>0.5,0.7,0.5)
=IF THEN ELSE(Profitability
Impact on Economic
Management<0, 0.03*State of
Service Provider, 0.01*State of
Service Provider)
=DELAY FIXED(0.66,10,0.33)
=DELAY FIXED(1,10,0.33)

User's WTP increases as WSL and
tariff management improve.
SEP degrades constantly due to
disinterest or migration and
degradation accelerates when system
is not profitable.
Tariff management improves after 10
years.
Systems become legalized after 10
years.

Table D.4: Colombia Sensitivity Analysis Tests
Higher Test
Lower Test
10925400
2731350
=7200000+Maintenance Cost

=1800000+Maintenance Cost

=IF THEN ELSE(Water Service
Level>0.6 :AND: Tariff Management and
Accountability>0.5,0.9,0.5)
3.88%

=IF THEN ELSE(Water Service
Level>0.6 :AND: Tariff Management and
Accountability>0.5,0.33,0)
0.970%

1382400
0.9

345600
0.33

165000

41250

330000

82500

=DELAY FIXED(2,80,6)

=DELAY FIXED(2,5,6)

=DELAY FIXED(1, 20, 0.33)

=DELAY FIXED(1,5,0.33)
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Figure D.1: Relationship Between Service Provider and Repair Quality for Colombia

Figure D.2: Annual Income Sensitivity Analysis for Colombia
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Figure D.3: Annual Expense Sensitivity Analysis for Colombia

Figure D.4: User’s Willingness to Pay Sensitivity Analysis for Colombia
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Figure D.5: Colombia Rural Population Growth Rate Sensitivity Analysis

Figure D.6: Source Flow Rate Sensitivity Analysis for Colombia
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Figure D.7: Trigger Level Sensitivity Analysis for Colombia

Figure D.8: Cost of Preventive Maintenance Sensitivity Analysis for Colombia
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Figure D.9: Cost of Corrective Maintenance Sensitivity Analysis for Colombia

Figure D.10: Legalization Process Sensitivity Analysis for Colombia
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Figure D.11: Delayed Response Sensitivity Analysis for Colombia
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